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DECLARATION UNDER 37 CFR Section 1.132 

I, Raymond W. Lam, M.D., declare and say that: 

I am a Professor of Psychiatry and Head of the Division of Clinical 
Neuroscience in the Department of Psychiatry, Faculty of Medicine, at the 
University of British Columbia. I am also a medical doctor and the Medical 

„Djrecto£of^ 

edited a number of books and published over 250 scientific articles and book 
chapters, many of which relate to the clinical aspects of depression, particularly 
seasonal, atypical and d iff i cu It-to-treat depressions including SAD (Seasonal 
Affective Disorder). My research and interests include the area of light therapy; 

In addition to the above-noted activities, I act as technical advisor to a 
number of organizations including The Litebook Company Ltd. of Medicine Hat, 
Alberta, Canada. However, I have no shares or options in and receive no.regular 
compensation from The Litebook Company Ltd.; 

I have reviewed US Patent 5,167,228 of Czeisler et al., a copy of which is 
attached hereto as Exhibit A; 

Czeisler et al. teach a circadian phase and amplitude modification method 
involving the application of bright light (about 9500 lux) and, advantageously, 
also episodes of darkness. Czeisler et al. are not teaching that there is any 
benefit in using continuous low illuminance light treatments without also 
administering bright light pulses; 

In my opinion, no correlation has been shown between light treatments 
using pulses of bright light with periods of darkness and light treatments using 
constant low level light sources; 
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Further, Czeisler et al. teach that fluorescent sources were used to 
administer the light for their studies. In my opinion, efficacy for one type of light 
is not automatically applicable to another type of light without study. The light . 
emitted from fluorescent sources may be different than the light generated from a 
light emitting diode (LED) with respect to characteristics which may play a role in 
the therapeutic benefit of light. Thus, the results taught by Czeisler et al. cannot 
be applied to a device using an LED-based light source; 

I am familiar with the reference Brainard et al. (2001) Action Spectrum for 
Melatonin Regulation in Humans: Evidence for a Novel Circadian Photoreceptor. 
J Neurosci 21(16):6405-6412, a copy of which is attached hereto as Exhibit B; 

... Brainard et al. teach that nighttime melatonin suppression tests were 

completed using light having wavelengths from 420 to 600 nm and that an action 
spectrum was constructed from thelest data;which identified 446 to- 477 nm as 
the most potent wavelength region for regulating melatonin secretion; 

In my opinion, the optimal wavelengths for melatonin suppression have 
not been shown to have any correlation with the optimal wavelengths for ocular 
light therapy. We do not yet know the active ingredients (e.g. the optimal 
wavelengths) for ocular light therapy, so it is not reasonable to conclude that a 
specific biological effect, such as melatonin suppression, is necessary for, or 
solely indicative of, effective ocular light therapy. It will be appreciated that a light 
induced biological effect is not always a light therapy; 

Thus, it would not be obvious to me, and I would not have assumed, that a 
test procedure offering a single biological effect, as described by Brainard et al. 
in the above-noted article, would automatically indicate that the described 
treatment would be useful for ocular light therapy; 

Further, Brainard et al. teaches that xenon arc lamps and a grating 
monochrornator were used to administer the light for their test procedure. In my 
opinion, efficacy for one type of light is not automatically applicable to another 
type of light without study. The light emitted from a xenon arc lamp and 
monochrornator may be different than the light generated from a light emitting 
diode (LED) with respect to characteristics which may play a role in the 
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therapeutic benefit of light. Thus, the results taught by Brainard et al. cannot be 
applied to a device using an LED-based light source, even if such device was 
adapted to emit light in a similar range of wavelengths as disclosed by Brainard 
eta I.; 

The undersigned declares further that all statements made herein of his 
own knowledge are true and that all statements made on information and belief 
are believed to be true; and further that these statements were made with the 
knowledge that willful false statements and the like so made are punishable by 
fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the 
application or any patents issuing thereon; - 

Further declarant saith not. 
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Exhibit A 

of the Declaration under 37 CFR Section 1.132 
by Raymond W. Lam, M.D. 
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[54] ASSESSMENT AND MODIFICATION OF 
ENDOGENOUS CIRCADIAN PHASE AND 
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[57]' • ABSTRACT 
A method for accurately assessing and rapidly modify- 
ing", the phase and amplitude of the endogenous circa- 
dian pacemaker is disclosed. A circadian cycle modifi- 
cation capacity assessment method comprises (before 
and after a stimulus) eliminating activity-related con- 
founding factors associated with the ^leep-rest cycle 
which otherwise mask the state of the endogenous cir-_ _ 
' cadian pacemaker. Based on either individual or norma-" "~ 
tive assessment data, the circadian phase and amplitude 
.modification method involves the application of bright 
(about 9,500 lux) .light and, advantageously, episodes of 
' imposed-darkness, at critically chosen phases to achieve 
rapid and stable changes in phase and amplitude. The 
timing of the episodes of bright light may be chosen 
either >by reference to empirically-derived phase re- 
sponse data, or by using a mathematical model in which 
the endogenous circadian pacemaker is a second order 
differential equation of the van der Pol type, trans- • 
formed into two complementary first order equations. 
A forcing function in themodel is substantiallypropor- 
tional to changes. in the cute -root of the surrounding . 
illuminance, in lux. The amplitude of the endogenous 
circadian pacemaker may actually be reduced to sub- 
stantially zero, so as to bring .about dramatic phase 
modifications in diminishing))? small periods of time. 
The methods find special utility in treating "jet lag" 
sufferers, shift workers, advanced circadian phase expe- 
rienced by many .elderly subjects, and those afflicted 
with-delayed sleep phase ins 
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ability to engage in such activities. Such "shift workers" 
ASSESSMENT AND MODIFICATION OF often experience an inability to sleep soundly during 

ENDOGENOUS ORCADIAN PHASE AND their non-working hours. This misalignment between 

AMPLITUDE internal circadian phase and scheduled work hours at 

5 night also manifests as increased drowsiness during the 
early -morning hours of 3:00-7:00 a.m., assuming a habit- 
ual wakethne of 7:00 to 8:00 a.m. (These times would be 
This is a continuation-in-part application of U.S. pa- modified if the habitual waketime were at a different 
tent application Ser. No. 066,6X7, filed Jun. 26, 1987. ( hour-) H during this time frame that most people s 
10 circadian cycles are at their troughs, implying that they 
BACKGROUND OF THE INVENTION ■ experience minimum alertness and maximum proneness 

1. Field of the Invention • to accident or error. These workers then experience 
This invention relates to methods and devices for corresponding difficulty sleeping during the daytime 

assessing and modifying the circadian cycle in humans. hours after they have worked at night, again because of 
More specifically, the.invention relates to methods and 15 circadian phase misalignment. This results in sleep de- 
devices for using scheduled exposure to bright light,. privation, which exacerbates the problem they experi- 
and advantageously also periods of darkness, to alter ence with alertness and performance on their subse- 
the circadian cycle of humans to a desired phase and quent night shifts, For workers in the medical field or 
amplitude. for those individuals who monitor the processes in nu- 

2. Related Art - 20 clear power plants, for example, such decreased alert- 
It is known in the art that humans exhibit circadian n ess can have (and already may have had) disastrous 

(daily) cycles in a variety of physiologic, cognitive, and ■ consequences, 

behavioral functions. The cycles are drives by an inter- Three different approaches have been used previ- 
nal biological clock or circadian pacemaker which has ous i y t0 reaU ce the deleterious effects of 'shift work 
: been located in the brain and are not just passive re-. ?5. so h e dules on the performance of shift workers and the •• 
sponses to periodic environmental changes. It is known Bafety of s hift.work operations. One, used primarily in 
that humans exhibit different degrees of alertness, per- Europe, is to very rapidly rotate shift workers such that 
formance, and proneness to accidents at different phases they never WOTk more than j_ 2 night shifts in a row and 
in their circadian cycle. do not attempt to adapt to night shift work. The second 

Often, the activities in which humans wish to engage 30 approach is t0 sdect shift workers on the basis of the 
do not coincide m time with the most appropriate point axnp n tude 0 f the temperature cycle for shift work, since 
in the circadian cycle. For instance, transmendian trav- fc hag begn rted ^ individua j 5 with certain chaTr 
elers experience what is commonly referred to as jet acteristics of temperature cycle amplitude can adapt 
lag." This phenomenon occurs when the internal, physi- more ^ rotatin shift wofk schedules (see A . 
ological arcadian phase of the traveler has not yet 35 J .-circadian Rhythm Amplitude and 

adapted to the geophysical time of h s destination Ind>- Individual Abfli t0 Adjust t0 shift Work .„ Ergonom . 
viduals who travel from west to i east often expenence ^ ^ h h&s 

evening and arise earlier in the morning than is appro- Applying Qr^dian Pnnc.ples. Science, Vol. 210 

priate for the locale of their destination. The travelers' WW), pp. iJM~uib). , t * aA 

internal, physiological cycle lags (or leads) their desired There are various categones of ^ sleep-relied and 

activity-rest cycle Symptoms are worse and last longer 45 affective disorders which are through to be related to 

when travelers must cross more than three or four time misalignment .between the interna on-cadian cycle and 

zones, especially when traveling west to east. West to the external activity-rest cycle. For example , the dderly 

east travel is more difficult than east to west travel often expenence a phase advance of the internal circa- 

because the intrinsic period of the human' circadian dian pacemaker to an earlier hour, which manifests as a 

pacemaker is greater than 24 hours (averaging about 50 tendency to be fatigued and tired earlier in the evening, 

24.3 to 25.0 hours in normal young men). Therefore, in and to spontaneously awake earlier m the morning, than 

the absence of an environmental synchronizing cue, the was the case earlier in their lives Many elderly subjects 

phase position of the pacemaker tends to drift to a later also have a reduced amplitude of the endogenous com-, 

hour (i.e., in a manner equivalent to westward travel at ponent of the body temperature cycle, suggesting that 

a rate of about one time zone per 1 to 2 days). The 55 the output of the circadian pacemaker may be attenu- 

insomnia associated with jet lag may be postponed two ated with age. This may contribute to the increased 

or three days if the travelers are sleep-deprived as a . tendency for both daytime napping and nocturnal 

result of the journey, since sleep deprivation makes it arousals reported in the elderly, 

easier to sleep at an adverse circadian phase. However, Other sleep scheduling disorders not totally deter- 

the essential circadian nature of jet lag is demonstrated 60 mined by age, such as delayed-sleep-phase insomnia, are 

by nocturnal insomnia and excessive daytime sleepiness also known. Finally, the misalignment between the 

which typically occur within two to three days of ar- internal circadian cycle and the external activity-rest 

rival! cycle may contribute to certain affective disorders, 

In a similar fashion, people who work in professions including depression, 
requiring them- to work at night, such as factory work- 65 Various techniques have been attempted in the past to 

ers, medical personnel, police, and public utilities per- correct the above-noted abnormalities in phase or am- 

sonnel, experience a desynchro.ny between the activities plitude of the circadian system. In the case of activity- 

in which they desire to engage and their physiological induced phase misalignment or desynchronization, as in 
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the case of transmeridian travelers and shift workers, expected to spend weeks in total darkness punctuated 

the goal of the methods was to facilitate the speedy by occasional episodes of bright light, 

adjustment to the "destination" place or time. In the It was known that the core body temperature of hu- 

case of non-activity-induced phase misalignment, such mans varied with the circadian cycle. By observing 

as age-related circadian phase advance and delayed 5 subjects who were placed in isolation from any external 

sleep phase insomnia, the goal of the methods was to time cues (or "zeitgebers") for a time period on the 

provide prompt and stable adjustment of the circadian order 0 f 30 days, researchers could monitor the core 

phase to match the desired activity-rest (sleep-wake) body temperature to discern a long-term trend to the 

cycle. These various alleged phase-shifting techniques troughs of the body temperature cycle. The long-term 

involved special diets, drugs, exercise, or direct marupu- 10 trend 0 f bo dy temperature troughs was used to deter- 

lation of the sleep-wake cycle. For vanous reasons, mine (usi for examplei Fourier analysis) the period of 

such as the presence of side effects impracticality of the cyck of the individua i subject , Fur . 

unplementatjon and/or simple meffect.veness, such the abom on£ f of {he subjeGts s J tudied . 

.techniques have not found practical uttlrty. No tech- tfaese , ^ exhibjted ^ 

tuques to date have allowed rapid and efficient circa- 15 wHoh was desynchronized from the period y of the b y ody 

Other, researches have employed the application of ^Tlw^f < s P° n ^ e ™ tenial de^chroniza- 
light to phase-shift the circadian cycle of humans. At ^ thereb y r ? vealm S *e intrinsic period of the en- 
first, it had been thought that humans were the excep- do S enous circadl f P a * el f * er 7^ dnVSS 
tion in the animal kingdom to the rule that light pro- 20 enous com P onent of the bod y temperature cycle. This 
vided a means by which the internal circadian phase technique of penod and phase determination will here- 
was directly synchronized to the external periodic envi- inafter be re f erred t0 , as the desynchronized wave form . 
ronmental cycle. Although later research showed that eduction technique. (See S. H. Strogatz, TheMathemat- 
human circadian cycles appeared to respond to timed ical Structure of the Human Sleep-Wake Cycle, Leciura! 
- application of light, the researchers who attempted to 25 ----Notes in Biomathematics No. 69, Heidelberg, FRG: • 
determine the effects of light on human circadian cycles Spnnger-Verlag, 1986). Although this method's valid- 
were confounded by the lack of an accurate means of > tv was enhanced by the later-demonstrated stability of 
assessing the circadian phase and amplitude resetting the period of the internal circadian cycle, the 1-2 month 
capacity of a given human subject. Without being able length and cost of this assessment technique rendered it 
to rapidly assess the phase and amplitude of an experi- 30 impractical for all clinical applications and even many 
mental subject before and after a series of applications laboratory experiments'. Unfortunately, such lengthy 
of light, researchers were unable to accurately deter- and costly experiments were once necessary to elimi- 
mine the effect of those applications of light. nate the confounding effects of activity on the body 

It is therefore desirable to design a reliable and accu- temperature cycle. However, for statistical reasons, the 
rate method of assessing the effect of a particular stimu- 35 inaccuracies of the phase determinations incorporated 
his on human circadian phase and amplitude in a reason- in this 1-2 month desynchronized waveform eduction 
ably short period of time. Such ah accurate and efficient technique for period and phase assessment are the great- 
circadian phase and amplitude assessment method est at the beginning and the end of the study. The desyn- 
would allow accurate measurement of the effects of cm-onized waveform eduction technique is therefore 
different exposures to light on phase and amplitude 40 neither practical nor useful for determining the phase- 
modification, shifting effect of a particular stimulus delivered be- 

An early method of assessing the phase-shifting effect tween two sucn (30-60 day) phase assessment proce- 

of a particular stimulus on the circadian phase oflower ,jures 

animals was embodied in procedures carried out to Lew y et al. later attempted to use melatonin as an 
denve a hypothetical construct called a Phase Response 45 M]wtar of circaaian phase] based on the observation 
Curve (PRC), developed in early experiments con- that u ht above „ certain brightness thresho i d (25 00 
ducted by Hastings and Sweeney, DeCoursey et al., and Jux) s the secretira of melatonin . See Lewy et 
Pittendngh et d. See Czeisler et al. "Chronotherapy: a .'j^^te and Delayed Effects of Bright Light on 
Resetting the Orcadian Clocks of Patien s with De- H ; man Me , atonin potion: Shiftbg f Dawn> and 
mn nl f P l ^li^T™ 7 \ tS" of SWfts the Dim Light Melatonin Onset," Annuls 
^S^t^S^^^S^ ™ Ac^ of sJnces^, pp^-59. How- 
and Mood Disorders: The Phase Response Curve," evcr ' n0 » habIe Ration has yet been shown be- 
Psyche-pharmacology Bulletin, Vol. 19, No. 3 (1983), pp. twee « mdatonm secretion levels and the phase or am- 
523-25. The PRC was based on early research on noc 55 P htude of the endogenous circadian cycle using gener- 
turnal animals which spent most, if not virtually all, of ^ accepted techniques such as the desynchronized 
the duration of the experiment in total darkness. When waveform eduction technique. Furthermore, the shifts 
in total darkness, the circadian activity rhythms of these reported by that method were modest, and required an 
animals "free-run" since they lack any means by which unpractically large number of treatments. Daily expo- 
they may be "reset" to the 24-hour geophysical day. 60 sure to light treatments for one week were typically 
The results of such experiments are therefore of limited required to achieve a 1- or 2-hour phase shift. (See A. J. 
usefulness in determining the effect of a more complex Lewy et al., "Antidepressant and Circadian Phase- 
lighting schedule which includes exposure to bright Shifting Effects of Light", Science, Vol. 235, pp. 352-54 
light, ordinary indoor light, and darkness, in causing (1987).. See also Honma, K., Honma, S., Wada, T., 
phase shifts and amplitude changes in the internal physi- 65 "Phase Dependent Responses of Human Circadian 
ological circadian cycle of humans. Also, the human Rhythms to a Bright Pulse: Experiments in a Temporal 
rest-activity cycle is not an accurate marker of endoge- Isolation Unit", /. Physol. Soc. Jap., Vol. 48, p. 416 
nous circadian phase and humans cannot practically be (1986).) 
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Reducing amplitude near zero to facilitate rapid phase 
SUMMARY OF THE INVENTION shJfts js ana]ogous t0 positioning oneself near the North 

The present invention is a method for rapidly adjust- or South Pole to facilitate travel across time zones. At 
ing the phase and amplitude of the output of the human either pole, travel across many time zones can be 
circadian pacemaker (also called the endogenous (or 5 achieved by taking a few steps, rather than the hundreds 
deep) circadian oscillator, "x" oscillator, or the internal of miles required to cross a single time zone near trie 
clock) by scheduled exposure to light and, advanta- equator. By application of bright light at appropriate 
geously, also darkness. While there have been a variety phases, the amplitude may even be reduced to zero, 
of theories on how to achieve such shifts, none of these When the amplitude is zero, exposure fo a succeeding 
methods had practical utility without a means of cali- 10 light or dark pulse instantly resets the circadian cycle to 
brating the strength or effectiveness of the stimulus ' a desired phase. Conversely, the amplitude may be in- 
suggested. An essential component of the present inven- creased, for example, to improve quality of sleep and 
tion is therefore a newly developed method to assess the increase wakeful alertness. 

response of the circadian system to an intervention The present invention envisions that, in many circum- 
stimulus. Also, a set of functions relating the timing and 15 stanceSi the phase and amplitude may be individually 
intensity of bright-light exposure, and advantageously modified without substantially affecting the other. For 
also the timing of darkness, to the amount by which the exarnp ie, when the desired phase shifts are small (e.g., 
circadian pacemaker is adjusted or modified, has been four t0 six hours or i ess ^ t j, e timing of the bright light 
experimentally derived, an d darkness stimuli may be selected such that the phase 

The present invention is premised on the observed 20 shifting effects 0 f the stimulus are maximized while 
results that light has a direct effect on the endogenous maintaining the normal amplitude of the pacemaker 
circadian pacemaker, and that the strength of that effect output. 

depends on the timing, intensity and duration of light The present invention makes use of a mathematical 

exposure. Indeed, in most subjects, exposure to bright jnodd Qf this phase and amp ij tu de resetting process- - 

light is required to rapidly shift the endogenous circa- 25 wi{h ljght This mQdel is derived fromi and -validated 
dian pacemaker, but the timing of darkness/sleep deter- . fl j b()dy Qf hnm£m research data , mode i 
mines in part the magnitude and, m some instances, the edicts the results of exposure to an even wider variety 
direction, of the shift induced by bright light exposure *J f additional lighting regimens . 
at a given phase. Devices which facilitate the methods of application 

The invention comprises an accurate assessment of 30 rf and dafkness ar£ withm ^ of the 

phase and amplitude resetting capacity, and ndBont . fe tioni A1 comp uter-based methods automatically . 
means of adjustment of human circadian rhythms. The ^ amount rf hase adjusttnent re . 

assessment method involves elimination of the con- synchronize a subject's' circadian cycle with g 

founding effects of the activity-rest behavioral cycle l^ed Jtivitv cycle and "prescribe" a sequence of 
and light-dark cycle before and after the intervention, 35 ^tS^bn^IiSt soTt "achieve that phase 
' and, advantageously, scheduling the sleep/dark time ' „ t 

such ^^^^f^^^^S oTembodiment of the invention is a method of 

dian system is accessible for exposure to bngnt light. .... t ,, -:_,„«,,„ +n , ^WpA state 

Confounding effects which are eliminated include tim- modifying a subject s circadian cycle : to i 'desired state, 
mg of sleep Episodes, food ingestion, posture, and physi- 40 comprising the steps of assessing charactensUc of a 
cal activity. When these confounding factors have been P^ent circadian cycle of the object; and applying, at 
removed, an accurate physiological assessment of the preselected times in the assesses prese _u t circad.an cycle 
endogenous circadian phase and amplitude of the sub- of bngh light of P^""**?"^^ 

ject fs performed in a comparatively short period of the characteristics of the present circadian cycle of the 
time. Assessment may be followed by administration of 45 subject are rapidly modified to become the desired state 
a particular stimulus" such as a regimen of light expo- of the subject's circadian cycle. 

sure and darkness, at specific circadian phases, derived Another embod.men of the invention s> a method of 

from the P re-treatmen7phase assessmentdata. After the modifying a subject's cu-cadian cydeto a desired state, 
administration of the stimulus, the circadian phase and comprising the steps of ~^">«« <* 
amplitude assessment may be repeated. The difference 50 present circadian cycle of the subject; applying, at pre- 
between the pre-treatment and post-treatment endoge- selected times in the assessed present circadian cycle 
nous phase and amplitude assessments reveals the effect pulses of bright light and, optionally, pulses of imposed 
of the stimulus administered. darkness, of preselected durations so as to modify the 

Based on this assessment of phase and amplitude re- amplitude of the circadian cycle to be substanttally zero; 
setting capacity, the method of administering a regimen 55 and applying a subsequent pulse of bright hght at a 
of bright light (and advantageously also darkness) ac- preselected time to set the circadian cycle of the subject 

cording to the present invention efficiently adjusts the to the desired state. 

circadian phase to a new, desired phase and amplitude. Another embodiment of the mvention is a method of 
This adjustment is based on application of bright light at assessing modification capacity of a stimulus on a sub- 
critically chosen phases in the existing circadian cycle. 60 ject's circadian cycles, comprising the steps of assessing 
The adjustment of the phase is enhanced and stabilized characteristics of a pre-stimulus circadian cycle of the 
by also choosing periods of darkness to be in proper subject; applying the stimulus to the subject; and asses- 
time relation to the application of the light pulses. sing characteristics of a post-stimulus circadian cycle of 
The invention advantageously increases the effi- the subject. The assessing steps comprise placing the 



ciency of acute phase adjustments by altering the ampli- 65 subject in a semi-recumbent position; minimizing the 

rude of the circadian cycle, in addition to adjusting the subject's physical activity; feeding the subject small 

phase.-The amplitude is decreased to magnify the phase- amounts of food at regular, closely-timed intervals; 

shifting effect of a subsequent bright light application. keeping the subject awake; and measuring the charac- 
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teristics of the circadian cycle of measuring physiolog- FIGS. 2 A and.2B show a protocol to expose endoge- 

ical parameters of the subject. nous phase and amplitude by use of the Constant Rou- 

Another embodiment of the invention is a method of tine, 
modifying a subject's circadian cycle to a desired state, FIG. 3 shows the recording of multiple physiologic 
comprising the steps of assessing characteristics of a 5 functions from a single subject (203) on an entrained 
present circadian cycle of the subject; and applying, at baseline day and during a Constant Routine, 
preselected times in said assessed present circadian cy- FIG. 4 shows circadian rhythms of normal young 
cle, pulses of bright light and, optionally, pulses of im- subjects during baseline laboratory monitoring and de- 
posed darkness, of preselected durations. The charac- mg the endogenous circadian phase assessment (Con- 
teristics of the present circadian cycle of the subject are 10 sUnt Routine), averaged across subjects with respect to 
modified to become the desired state of the subject's their habitual waketime (RW), baseline data being su- 
circadian cycle. The assessing step comprises modelling pe rimposed (dashed line) on that collected during Con- 
ine subject's crrcadian cycle as a solution to a van der- stant Routine for com p arative pur p 0ses . 
Pol differential equation; whereby the preselected times FIG. S is a histogram of estimated reference phase 
and the preselected durations are selected. 15 osition of the d circadian oscillator „ marked b 

Another embodiment of the invention is a method of the t h of ^ endogenous com p 0nent of the circa . 

modifying a subject s circadian cycle to a desired state, dian temperature cycle in .24 normal young subjects 18 

comprising the steps of assessing characteristics of a t0 2 (> years old »° 
present circadian cycle of the subject; and applying, at FIG. ia is a histogram of the amplitude of the fitted 

preselected times in the assessed present crcadian cy- 20 t rature froln % ( b J s) „ red tQ 

cle, pulses of bnght light and optionally, pulses of im- ^ ^ *^ P 

posed darkness, of preselected durations. The charac- CT o £ . • „ . u ' J - , , , ... 

ieristics of the present circadian cycle of the subject are J3J?"J b f grB,n °! the Cl °° k h ° Ur ° f the ??" 

rapidly modified to become the desired state of the Sv Tu?S ? P " ^ 

- subject's circadian cycle. The assessing step comprises 25 _ T( J; _ „ J ,,„Z\ „ . V " " , . „ " . 

determining optimum bright light pulse onset times illustrated the core body temperature of four 

and, optionally, imposed darkness pulse offset times! s ^ c % *s compared ™th normative data, 

based on one or more empirically derived phase re- ^comparison of which demonstrates the W 

sponse curves lng of the endogenous circadian pacemaker enabled by 

Another embodiment of the invention is a method for 30 thephase assessment method of the present invention, 
stably synchronizing the circadian cycle of a subject to HG - 8 r shows entI ™ed and free-running sleep-wake 

the subject's sleep/wake cycle, comprising the steps of P attera of a normal. 22-year old male subject living in an 

exposing the subject's retinas to a normal range of ilium- environment without knowledge of time, 
ination during waking- hours of the subject; and impos- p IG. 9a demonstrates the insignificant ECP phase 

ing strict darkness oh the subject's retinas during the 35 dela V 0 h ) to be expected by mere manipulation of the 

sleeping hours of the subject; whereby the amplitude' of darkness episode. 

subject's circadian cycle is increased. FIG ' 9b demonstrates the significance of the delay 

Another embodiment of the invention is an apparatus < 7 - 5 h ) achieved using a bright light pulse regimen, 
for administering bright light to a subject's retina, com- f IG - 10 shows ^ ra P id acceleration of ECP phase 

prising luminous means for controllably emitting bright 40 adjustment caused by a bright light pulse regimen, 
light; aperture means, located relative to the luminous FIG. 11 shows an empirical phase response curve to 

means for allowing the subject to view his environment 2 ~7 exposures of bright light (7,000-12,000 lux) in hu- 

even when the luminous means are emitting bright light. mans, with the response plotted as a function of bright 

The apparatus may be self-supporting, or it may be in ''g nt P u ' se onset. 

the form of portable light goggles, 45 FIG. * 2 shows averaged empirical phase response 

Another embodiment of the invention is a computer curve to light, 
apparatus for prescribing a substantially optimum stirn- FIG. 13° shows the effect of the timing of a darkness 

ulus regimen of bright light pulses, and, optionally, episode on the magnitude ECP phase shift caused by a' 

darkness pulses, to allow a subject's circadian cycle to given bright light pulse regimen, 
be modified to a desired state. The apparatus comprises 50 FIG. 136 shows the effect of the timing of different 

input means for inputting pre-stimulus timing data; as- darkness episode on the magnitude ECP phase shift 

sessing means for receiving the pre-stimulus timing caused by a given bright light pulse regimen, 
data, and for assessing characteristics of the subject's FIG. 14 shows an empirical phase response curve to 

circadian cycle; modeling means, connected to said 2-7 exposures of bright light, with the phase response 

assessing means, for computing substantially optimum 55 plotted as a function of darkness/sleep offset, 
durations and application times of the bright light pulses FIG. 15 demonstrates how the magnitude and direc- 

and, optionally, the darkness pulses; and output means, tion of phase shift in response to bright light depends on 

connected to the modelling means, for outputting the the scheduling of exposure to ordinary room light ver- 

substantially optimum durations and application times. sus darkness/sleep, 

In this disclosure, "pulse" need not be defined as of 60 FIG. 15A illustrates three daily illuminance patterns 

short duration. "Pulses" may be hours long. demonstrating the effect of the timing and duration of 

BRIEF DESCRIPTION OF THE DRAWINGS ^^Z^^<ZS5^ 
The invention is best understood and appreciated by of administration near the ECP minimum, presenting in 

reading the following detailed description with refer- 65 different form data similar to that of FIG. 15. 

ence to the accompanying drawings, in which: FIG. 15B illustrates a human phase response curve (A 

FIG. 1 shows a protocol for Evaluation of Circadian and B) and a continuous human phase-resetting curve 

Phase and Amplitude Resetting Capacity. (C) induced by exposure to a three-cycle light stimulus, 
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demonstrating the strong Type O resetting response FIG. 284 shows the post intervention assessment of 
utilized to advantage by the present invention. the circadian phase of a jet traveler flying from the 

FIG. 16 shows the free-running activity-rest cycle of Orient to Boston, 
the elderly subject with reduced ECP amplitude whose FIG. 29 is a graphical representation of the traveler 
Constant Routine core body temperature graph was 5 whose circadian phase was assessed in FIG. 28. 
presented in the bottom panel of FIG. 7. FIG. 30 is a raster plot of travel log, assessment, and 

FIG. 17 shows the absence of prominent peaks in the treatment of the traveler of FIG, 28. 
frequency spectrum of the core body temperature of the FIG. 31 is an actual timing diagram of the core body 
elderly subject whose free-running activity-rest cycle temperature of a subject whose endogenous circadian 
was shown in FIG. 16. 10 pacemaker has been driven to zero amplitude. 

FIG. 18 is a raster diagram indicating how the appli- FIG. 32 shows how circadian amplitude is increased 
cation of bright light accelerates the circadian phase- with light. 

shifting much faster than manipulation of the activity- FIGS. -33A, 33B and 33C show the separate, and the 
rest cycle. summed, Brightness function B(t) and the Activity 

FIG. 18A demonstrates a regimen enabling rapid 15 function A(t), along with the resultant stimulus vector 
entrainment to a night work schedule, the regimen fac- using a Fourier fundamental, 

toring in the expected light exposure during an employ- FIG. 34 shows a phase shift diagram, illustrating the 
ee's commute home after night work, as compared with two types of resetting curves which show resultant 
the lack of entrainment of workers experiencing only phase shift as a function of the phase of the stimulus 
ordinary indoor lighting. FIG. 18A-1 represents the vector. 

results of the control study. FIG. 18A-2 represents the FIG. 35 shows amplitude response as a function of 
results of the intervention study. stimulus vector circadian phase for various numbers of 

FIG. 18B demonstrates the consistent properly 24-hour cycles. 
--• adaptive phase shifting of the ECP minima of plural if . FIG.. 36 shows the model's concordance with, actual.. . 
subjects undergoing the same regimen as that in FIGS. experimental data. 

18A, as compared with the lack of physiologic adapta- FIG. 37 is a phase-plane diagram illustrating the use 
tion of a Control Group. of bright light pulses to reduce the amplitude of the 

FIG. 18C illustrates endogenous circadian rhythms endogenous circadian pacemaker to near the mathernat- 
of physiologic .and behavioral measures during constant 3Q ical "singular point". 

routines concurrent with the first and sixth nights of FIG. 38 is a timing diagram corresponding to the 
work in control (panels a-e) vs. treatment (panels f-j) phase-plane diagram of FIG. 37. 
studies. Each point shows the mean (±SEM) for each FIG. 38A is a timing diagram which illustrates the 
variable at a given time of day during initial (open sym- reduction in effective amplitude of the endogenous 
bols) and final (closed symbols) constant routines. Ver- 35 circadian pacemaker to near zero in less than 1.5 days, 
tical cashed line indicates the starting time of the night representing an acceleration of the effects shown in 
shift (midnight). Conditions during the control and FIG. 38. 

treatment studies as described in FIG. 18B. FIG. 39c illustrates a representative lighting apph- 

FIG. 19 is a world map indicating the adjustment to ance. 
transmeridian travel which would be simulated by the 40 . FIG. 39c shows the representative lighting appliance 
specific experiment illustrated in FIG. 18. applied to a subject. 

FIG. 20 shows a prototypical schedule for achieving FIG. 39c illustrates the representative lighting apph- 
a small phase delay (about 3 hours), ance having a flexible stand, 

FIG. 21 shows how bright light can rest the circadian FIGS. 40aand 406 are a sketch of a representative 
oscillator independent of the timing of sleep/darkness: 45 light goggle with peripheral hardware and software, 
the use of evening bright light to treat advanced circa- FIG. 40a shows application of the representative light 
dian phase. goggle. 

FIG. 22 shows phase displacement of Cortisol rhythm FIG. 41 shows, in vector form, changes produced by 
following exposure to light in a patient with advanced _ light in the variables x and x r for a variety of reference 
circadian phase. " 50 (x,x c ) points (i.e., x and x c corresponding to the midpoint 

FIG. 23 is a raster plot of laboratory simulation of of bright episodes), 
world travel, including phase advances and phase de- DETAILED DESCRIPTION OF THE 

lays of varying magnitude. PREFERRED EMBODIMENTS 

FIG. 24 is a graphical representation of itinerary 
simulated in FIG. 23. 55 A first method is directed to the accurate assessment 

FIG. 25 shows a prototypical schedule for achieving of the phase and amplitude resetting capacity of the 
a small phase advance (about 3 hours). endogenous circadian pacemaker for a particular sub- 

FIG. 26a shows the endogenous component of the ject within a relatively short time frame. A second 
temperature cycle during a constant routine before method is directed to the actual modification of the 
treatment intervention. 60 phase and/or amplitude of that pacemaker using sched- 

F1G. 26b shows the endogenous component of the uled periods of bright light, advantageously enhanced 
temperature cycle during a constant routine after daily with manipulation of dark (rest) periods, based on either 
morning exposure to bright light. normative phase assessments or on a phase assessment 

FIG. 27 is a raster plot of protocol used in the assess- of that individual subject. Phase and amplitude modifi- 
ment and treatment of the patient described in FIG. 26. 65 cation may be achieved based on either empirically 

FIG. 28a shows the pre-intervention assessment of derived normative data or based on a mathematical 
the circadian phase of a jet traveler flying from the model, relating to the existing state of the deep circa- 
Orient to Boston. dian pacemaker. Finally, devices which facilitate the 
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U and modification methods are Jar invention. Additionally, their length is prohibitively 
described. long for practical use. 

. „ , . „ In the following section we describe a technique 

1. Foundations for the Invent.ve Techniques of which is able t0 characte rize the output of the endoge- 

. Assessing Orcadian Phase and Amplitude Resetting 5 nous circadian pacemaker in a brief time. This has util- 
Capacity j ty both j n identifying circadian dysfunction and in 

As stated above in the Background of the Invention, developing a body of normative data on circadian func- 
there have been a variety of lengthy techniques used to tion. Most importantly, in a preferred embodiment con- 
try to assess the phase resetting capacity of the circadian sisting of two such assessments, one immediately prior 
timing system, none of which was ideally suitable for 10 to and one following an intervention, this method pro- 
use in humans. The most commonly used technique vides a means of assessing the ability of a particular 
used in animal studies, delivery of a stimulus during a intervention to modify circadian phase and amplitude, 
synchronized free-run, is an inadequate means of testing In thls regard, this new method and its preferred em- 
the response capacity of the human circadian system to bodiments have provided a means both for develop- 
a signal. This is because after disturbance of the sleep- 15 ment 311,3 validation of the empirical methods upon 
wake cycle the body temperature cycle would no which our techniques of modifying circadian phase and 
longer oscillate at the compromise period it displays amplitude are based 

during a synchronized free run ( Tj ) which is usually ™ e Purred embedment of the method of accu- 
Ionger than its intrinsic period (t x ), but would instead rately assessing the phase and amplitude of the deep 
oscillate for 1-2 cycles at its intrinsic period. This 20 wrcad.an pacemaker is premised on the ehmination of 
would make most signals appear to cause a modest confounding factors which would otherwise mask the 
phase advance, as occurs in response to one night of *™«™»«t ° f the phase The confounding factors 
sleep deprivation (see C. A. Czeisler et al, "Sleep De- "f^uced Jy food ingestion, changes ,n posture, 
privation in Constant Light Phase Advance Shifts and , ( * M !*» m act ' VI slee P ° ns * ^d wa klng are 

Shortens the Free-Running Period of the Human Circa- 25 V ^vT 7 ? 

dian Timing System," Sleep Research, Volume 14, p. Ej^^T^S? -^S^rfS^SZ 
■252. See also Honma, K., Honma, S„ Wada, T., "Phase faCtorS ™ * e phase ff^ement arc ra ™ lmlzed b * 
nolomLrtt p AcnnnEM r>f Hiinian f\rMH ism t? >ivt>inic tn eliminating them, or at least distnbuting them evenly 
Dependent Responses of Human Circadian Rhythms to over ^ Qf , he hase measurement S5 , 

a Bnght Pulse: Expenments m a Temporal Isolation 30 r r 

Unit", J. Physol Soc. Jap., Vol. 48, p. 416 (1986).). In 2. Method for Assessment of Circadian Phase and 
addition, the free-running rest-activity cycle is not an Amplitude Resetting Capacity . 

accurate marker of the endogenous circadian phase in The preferreQ embodiment of the method for assess- 
human subjects. ment of circadian phase and amplitude resetting capac- 

Thus, we designed a technique to combine a method 35 ity is based upon a comparison betW een a pre-interven- 
to rapidly assess the phase and amplitude of the endoge- tion phase ^ amplitude assessment and a post-inter- 
nous circadian pacemaker before and after delivery of a vention phase andam plitude assessment, The pre-inter- 
stimulus protocol. With the stimulus protocol itself. vention assessme nt characterizes the baseline status of 

Presently, the most widely recognized method to the circadian timing system. It also provides a phase and . 
assess the phase and amplitude of the endogenous circa- ^ amplitude reference useful in the subsequent determina- 
dian oscillator is to track the body temperature cycle tion of the appropr j a te time(s) to schedule the interven- 
during long-term studies where behavioral activity is ticm stimulus. The post-intervention assessment pro- 
desynchronized from the output of the endogenous vides a final characterization of the circadian system so 
oscillator, thereby distributing masking effects of activ- that an ob j ective assessment of the efficacy of the inter- 
ity on the temperature cycle across a variety of temper- 45 vention can be made. 

ature phases. Typically, this assessment method is car- FIG. 1 shows an example of the preferred embodi- 
ried out prior to, and following a particular intervention ment 0 f t h E method for assessment of circadian phase 
in order to assess the effect of that intervention on the an d amplitude resetting capacity. In this particular 
circadian oscillator. However, since masking effects are studyi a human subject was studied for seven days in an 
not in any way eliminated, each of the assessments re- 50 environment free of time cues. The schedule of this 
quire the collection of 4-6 weeks of continuously re- embodiment of the assessment technique is presented in 
corded data in a time-isolated facility. Following spec- double raster format as described below (e.g., in the 
tral analysis of the data, an endogenous circadian period discussion relating to FIGS. 8 and 18). The first thirty 
is determined. Using this period, an average waveform to forty hours of the study (represented by an open bar)' 
is educed. Endogenous circadian phase and amplitude 55 constitute the pre-intervention phase and amplitude 
are determined from this educed waveform. For statist]- assessment. Days 2-5 comprise the particular interven- 
ed reasons, this estimate is most accurate only for days tion stimulus under study. The final 40 hours (repre- 
in the middle of the study, and achieves its greatest sented by an open bar) depicts the post-intervention 
inaccuracies at the beginning and end of the study. assessment of phase and amplitude. It is necessary to 
Also, because this method is dependent upon an accu- 60 detect and account for the free-running phase delay 
rate period assessment, a misestimation of period, -when which occurs in the Constant Routines. Thus, a correc- 
iterated over the length of the study, can result a several ' tion factor related to the free-running deep circadian 
hour misestimation of phase at the beginning or end of pacemaker period r x must be considered when formu- 
the study. lating conclusions regarding the effect of the interven- 

Because this method is inaccurate in initial and final 65 ing experiment, 
phase estimation, it is unsuited to be used as the "be- In this example, the intervention stimulus chosen was 
fore" and "after" assessment components of an expert- a particular light schedule consisting of bright indoor 
mental protocol designed to test the effect of a particu- light (large boxes) and episodes of darkness/sleep (solid 
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bars). However, the intervention stimulus chosen may In particular cases, the endogenous circadian phase 
be of any nature (i.e., a pharmaceutical agent or other can be assessed, for example, by using non-linear least- 
therapy). In this example, the duration of the interven- squares to fit a 2-harmomc regression model to the core 
tion stimulus was approximately 3.5 days. However, the body temperature data recorded during the Constant 
intervention stimulus may take on any duration, shorter 5 Routine (excluding a period of time at the beginning of 
or longer, depending upon the nature of the particular the Constant Routine, such as > hours) The 2-harmomc 
intervention regression model can be fit to the data and an average of 
The pre- and post-intervention assessments of phase the minima from the single harmonic and composite 
and amplitude are advantageously embodied in a tech- waveforms of the model can be used as to preference 
nique called the "Constant Routine". The Constant 10 marker of endogenous c.rcadxan phase (ECP mi - n ) for 

» a . semi-recumbent pos ure £e lying m bed m& to m ^ determinatiQn £ fte Ecp 
head of the bed (from the waist up) advantageously ■ ^ cont latian of the invention . 
elevated at an approximately 45 degree angle, and the ^ amplitude modifi- 
knees elevated and supported advantageously to pro- £ may be * chi wd without a formal "assessment" 
vide approximately ^J^^T^J^f^ procedure" However, the above described mathemati- 
calf and the back of the Ough). This en sum that ^ detennination method removes subjective estima . 
changes m the physical posture do not influence the consistentl used> allows meaningful compari- 
phase or amplitude assessment. The subject refrains sons t0 be made across different studies. 
• from any physical activity, since physical activity might Qther researchers have cons idered many of the con- 
also influence or distort the phase measurement In foundmg factors which are eliminated by the Constant 
practice, arm and head movement, and general shifting Routine , However, what was missing in many such 
of body weight in the semi-recumbent posture, are al- eX p erirnen t s wa s the correct bracketing of the initial 
' lowable. However, the torso should not be -elevated ^ 6^^^ 0 f the deep circadian pacemaker minimum. In ~ 
from the bed, even for brief periods, tne absenc e of a reasonable estimate of the timing of this 
The subject is kept awake in ordinary room light minimum, other experimenters did not choose a dura- 
throughout the duration of the assessment so that sleep tion long enough to ensure that each phase assessment 
onset or offset and changes in ambient light levels also eX p 0se d at least one unobscured minimum of the endog- 
do not affect the phase measurement. Finally, to mini- 3Q enQUS c i rca dian temperature cycle, as is advantageously 
mize the effects of food intake which would result from ensureQ by a 40-hour Constant Routine according to an 
a normal schedule of large meals, the subject ingests embodiment of the present invention, 
measured small amounts of food at closely spaced inter- j t j s advantageous that the subject remain in this 
vals, such as hourly. The food is ad vantageousl y chosen Constant Routine for at least one and one-half full peri- 
to emulate the daily nutritional intake of the individual 35 ods 0 f j,j s or her endogenous circadian pacemaker, 
during a normal day, with the subject on an isocaloric Generally, this period is approximately 25 hours. In one 
diet, with caloric intake calculated using the Wilmore embodiment of the present invention, the full duration 
nomogram, with balanced electrolyte intake of 150 of the Constant Routine is 40 hours. A 40-hour Constant 
millequivalents of sodium and 100 millequivalents of Routine allows several hours at the beginning of the 
potassium per 24 hours. This effectively continuous 40. Constant Routine' to dissipate any transient effects of 
feeding ensures that any effect of food ingestion on the the subject's sleep episode or other activities immedi- 
phase measurement is evenly distributed throughout the ate iy before the Constant Routine. It has been found 
duration of the phase measurement technique. that approximately 4-5 hours at the beginning of the 
Assessment of physiologic parameters is advanta- Constant Routine are necessary to dissipate the effect of 
geously achieved by continuous measurements of core 45 those activities. "Using a full 40-hour Constant Routine 
body temperature via a thermistor inserted 10 cm. into . ensures that at least one unobscured endogenous circa- 
the rectum, a skin temperature thermistor worn on the a k n pacemaker minimum is measured without any ef- 
inner - aspect of the non-dominant wrist; polysomno- f e ct being imposed by the transient response to the 
graphic recording from surface electroencephalo- subject's activity immediately prior to the Constant 
graphic (central, frontal and occipital placements), elec- 50 Routine. 

tromyographic and electrooculographic electrode In another embodiment of the assessment method 
placements; an intravenous placement unit in a forearm according to the present invention, a Constant Routine 
vein for multiple frequent sampling of blood (3 samples of duration much shorter than 40 hours may be success- 
per hour) without repeated venipuncture; cognitive and fully practiced. The use of this shorter assessment 
behavioral alertness and performance measures; and 55 method is premised on knowledge of the approximate 
other techniques well known in the art. The overall time of the minimum of the endogenous circadian pace- 
Constant Routine protocol is illustrated in FIG. 2A and maker minimum. It is desirable that 6-8 hours of core 
2B, and is further explained in the discussion directed to body temperature measurements both before and after 
FIGS. 3, 4, and 7. the deep circadian pacemaker minimum be recorded, m 
The measurements are then advantageously plotted 60 order to. accurately determine the minimum using, for 
as a function of time for statistical analysis. Advanta- example, mathematical techniques described by Brown, 
geously, statistical analysis using harmonic regression cited above. Therefore, it is conceivable that a Constant 
techniques may be used to calculate the amplitude of Routine of 2 duration as short as 16 hours can be applied 
the endogenous temperature rhythm, and to pinpoint (2X6 hours surrounding the mmimum+4 hours to dis- 
the time of the endogenous temperature cycle mini- 65 sipate the transient effects=16 hours.) 
mum, which serves as a marker of circadian phase. For Since, especially in longer-duration Constant Rou- 
example, see Brown, Sleep Research. Vol. 14, p. 90 tines, the period of imposed wakefulness may prove 
£ 19g5 y burdensome to many subjects, it is preferred that Con- 
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stant Routines are timewise flanked by periods of dark- Normative data for subjects of various ages is shown 

ness/sleep. These periods of darkness/sleep must be similarly in FIGS. 6a and 6b. In FIG. 6a, one can see 

considered when assessing the effects of the bright that the amplitude of the temperature rhythm measured 

light/darkness regimen on a particular subject, since the during the Constant Routine is lower in the elderly 

periods of darkness themselves have a strong effect on 5 population (65-85 years of age). FIG. 6b shows that the 

the phase and amplitude modification being investi- phase of the endogenous circadian temperature rhythm 

gated. In most experimental scenarios, a Constant Rou- occurs earlier in the elderly than in the young normal 

tine is entered both before and after the regimen of males. 

bright light pulses and darkness periods. The periods of FIG- ? demonstrates the unmasking effect of the 
darkness which flank both Constant Routines are an 10 Constant Routine according to a preferred embodiment 
integral pan of the stimulus regimen, and are advanta- of the method according to the present invention. FIG. 
geously scheduled to enhance the phase-shifting charac- 7 illustrates the core body temperature of four subjects 
teristics of the regimen. " a function ° f time. The top panel presents the core 
FIG. 3 shows the daily patterns of several physio- ^dy temperature of a normal young subject; the sec- 
logic and cognitive functions in a single young male 15 ° nd P?nel, that of an elderly subject with advanced 
subject on a normal day and during a phase and ampli- crxcadian phase; the fluid, that of a young adult with 
tude assessment procedure. A fitted dual harmonic re- Delayed Sleep Phase Syndrome; and the bottom, that of 
gression model of the body temperature data during the *n elderly f bject with reduced amplitude. 
Constant Routine is shown in Panel A, superimposed on F ° r al / our n ^ eo *; ^ e °°™f rt R °f lne c ™; 
the actual body temperature data. Time is plotted along 20 mences at t.me O80O on the first full day, as illustrated a 
the horizontal axis; dark bars and stippled areas indicate The Constant Routine continues for 40 hours until 

« „ f Iu» „,.„„ t.«»«i..j i w +;,» the end of the second full day. The duration of the 

episodes of sleep the cro hatched bar lepresen s the Routine . ^ Qn 

Ome of the Constant Routine. In comparing data col- ZQQ Before ^ 

ected during the Constant Routine days with that of » ^ o[2QQ) ^ core bQ mperature . of eaclt _. 

the previous entrained day, one can see the persistent ^ was n J tami startin / at Xn on the day 

oscillation of the endogenous component of the ob- befor£ ^ CQnstant Routine 

served rhythms, which .s prominent m the case of core AU four ]s fflustrated in pjQ 7 have lotted 

body temperature, subjective alertness, serum Cortisol nonnative data 20 4, 212, and 220 for comparison to 

secretory- pattern, and unne volume; such oscillations x various ^^diMl core body temperature plots 202, 

are no longer detectable in the activity level, and 2 10, and 218. The normative data plots 204, 212, and 220 

growth hormone secretion ceases under these constant are j den tical. 

conditions. By fitting the endogenous component of the As oan be seen in the pre .Constant Routine period to 

temperature rhythm with a harmonic regression curve the left of 200 , all four subjects' core body temperature 

(as has been done m the upper panel of this figure), an 35 f 0 u owed the normative data with a high degree of cor- 

estimate of the amplitude and fitted phase of the temper- relation, which was directly linked to the activity of the 

ature minimum (marked by the encircled cross) of the sub jects. Before the onset of the Constant Routine, then, 

endogenous circadian pacemaker can be made. it would have been impossible to accurately determine 

FIG. 4 shows normative data collected from 29 nor- t h e endogenous circadian pacemaker amplitude or 

mal young male subjects. The protocol is indicated in w phase because of the activity-induced core body tem- 

the top legend, with symbols as in FIG. 2A, B, L, D, S pera ture responses. 

mean breakfast, lunch, dinner, snack, respectively, be- Before en g a gj n g in the Constant Routine, all four 

fore the Constant Routine was entered. Panel A— core subjects appeared to be normal, based on observation of 

body temperature (N=29); Panel B-subjective alert- core body temperature. In fact, however, only the sub- 
ness (N=27); Panel C— serum Cortisol (N=23); Panel 45 ject illustrated in the top panel was normal. 

D — urine volume (N = 28); Panel E— Human Growth The top panel of FIG. 7 shows a 20-year-old male 

Hormone; and Panel F— wrist activity (N=18). The whose measured core body temperature coincided with 

data are normalized with respect to the subjects' habit- the trough of the nonnative data at 206. His endogenous 

ual reference waketime (RW), and are plotted in a man- circadian pacemaker minimum, as indicted by the core 
ner similar to that of FIG. 3. Additionally, data from the 50 body temperature minimum, was timed optimally for a 

entrained day are superimposed (dotted lines) during ' regular waking time (RW) of 8:00 a.m. This subject 

the Constant Routine period to facilitate comparison reported to abnormalities or difficulties in his sleeping 

between the entrained (masked rhythm) and the un- habits. 

masked Constant Routine waveforms. Note how the The second panel shows the core body temperature 
Constant Routine temperature data from the individual 55 of a 66-year old woman suffering from extreme phase- 
subject in FIG. 3 closely matches that of the normative advancement, characteristic of many elderly subjects, 
population, allowing accurate comparison of data re- Her measured deep circadian pacemaker trough 214 
corded on a single individual with that of the normative was in fact 4.5 standard deviations earlier than the 
population. trough 216 of the young subjects contributing to the 
FIG. 5 shows a histogram of the estimated phase of 60 nonnative data plot 212. In contrast, the core body 
the endogenous circadian temperature minimum, based temperature trough of the normal young subject in the 
on data collected from 29 normal male subjects with no upper panel is synchronized to the measured deep circa- 
history of circadian disruption (i.e., shift-work, trans- dian pacemaker minimum at 206. 
meridian travel, or disturbed sleep) after their second The third panel illustrates the core body temperature 
night living in the laboratory. As can be seen, most 65 from 'a young patient suffering from Delayed Sleep 
subjects reached their endogenous temperature mini- Phase Insomnia. This subject had reported great diffi- 
mum approximately 1.5± 1.0 hours before their habitual culty in awakening in the morning and remaining alert, 
waketime. This difficulty is explained by the fact that his internal 
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physiology did not even begin to "awaken" until about conditions may be analyzed both in a serial, fashion 
noon. The third panel of FIG. 7 illustrates his core body .(horizontally), and in a parallel fashion (vertically) for 
temperature trough at 224 as being approximately 4 comparison. 

hours past his regular wake time, 8:00 a.m. This trough Referring again to the particular raster diagram in 
224 is also significantly delayed from the normative data -5 FIG. 8, during Days 1-20 of the experiment, the subject 
• trough at 222. was forced to keep a regular schedule synchronized to 

The bottom panel illustrates the reduced amplitude the 24-hour geophysical day, as indicated at 102. The 
characteristic of many elderly subjects. The signifi- subject's circadian cycle was thus "entrained" to a 24- 
cance of this reduced amplitude is discussed below. hour period. 

The core body temperature troughs indicated at 206, 10 After the 21st day, the subject was allowed to chose 
2J4 and 224 were unmasked by the Constant Routine. when to sleep, awaken, eat, etc., naturally, his schedule 
These troughs indicate the tendency of the deep circa- being governed only by his internal circadian pacemak- 
dian pacemaker to establish its own period and phase ers. Consistent with previous experimental results in 
which are demonstrable in the absence of activity- humans and diurnal animals, from Days 21-53 the sub- 
induced body temperature changes. A value of the Con- 15 ject's activity-rest cycle and core body temperature 
stent Routine in eliminating physiologic responses to cycle both assumed their "free running" (but mutually 
environmental and behavioral stimuli lies in diagnosing synchronized) periods of greater than the previously 
such phase advance or phase delay disorders, Once entrained period of 24 hours. The assumption of a per- 
diagnosed, these disorders may be treated according to iod' longer than 24 hours is indicated in FIG. 8 as a 
a method of phase-shifting according to the present 20 gradual but steady phase delay in both the bed rest 
invention, described below. . episodes. The free-running period was determined by 

The preferred embodiment of the assessment method linear regression through midsleep times to be 25.3 
is far less time-consuming than the assessment methods hours. 

described previously which require temporal isolation ... The first 20 days of the experiment depicted m FIG. _ 
f or a time period on the order of 30 days. The method 25 8 are indicative of the "normal" days experienced- by- - 
of assessment according to the present invention thus the majority of humans. Their internal circadian cycle 
allows clinical observation in cases where extremely periods of greater than 24 hours are overridden, or 
accurate individual phase and amplitude measurements . reset, by some zeitgeber. It was through that only zeit- 
must be made. The present method also allows the gath- gebers such as social contact or imposed activity could 
ering of extremely accurate normative data which can 30 reset the human circadian cycle to the 24-hour geophys- 
later be used in the phase adjustment of large classes of ical day. As will be seen below, humans are in fact no 
people who are similarly situated with respective exception to. the rule in the animal kingdom that light, in 
classes of subjects whose circadian cycles' characteris- and of itself, is a strong zeitgeber. 
tic phase and amplitude have already been assessed Ordinary sunlight, then, apparently resets at least the 
using the Constant Routine. 35 deep circadian pacemaker on a daily basis to a 24-hour 

cycle. This resetting allows humans to function in activ- 
3. Empirical Foundations for the Inventive Techniques jties w hj c i, rae necessarily tied to the 24-hour geophysi- 
to Modify Circadian Phase and Amplitude oal iay If tne cu - ca dian cycles of humans were not reset 

Aschoff and Wever in Germany and Siffre in France on a daily basis, the free-running cycle of greater than 
discovered that numerous daily rhythms in man also 40 24 hours would cause disruption of individuals' perfor- 
persist in the absence of environmental and social time mance not only with respect to the geophysical day, but 
cues. However, under these conditions of temporal also with respect to other individuals' free-running but 
isolation, the "free-running" period of these rhythms no mutually desynchronized circadian cycles, 
longer remained exactly 24 hours (FIG. 8). Concomitant with the discovery of non-twenty-four 

Referring to FIG, 8, a raster diagram of the sleep 45 hour free-running circadian rhythms m humans came 
episodes of a subject in temporal isolation is illustrated. the assumption that humans, like all other eukaryotic 
The horizontal time axis is referenced to the subject's organisms studied, must have a mechanism of entram- 
habitual bed time (hour 0), as recorded in a home sleep- ment receptive to exogenous time cues (Zeitgeber) 
wake diary during the prior week. Successive days are which would allow synchronization to the twenty-four 
plotted beneath each other. Scheduled sleep/dark inter- 50 hour geophysical day. The effect of an entraining agent, 
vals (outlined by a black box) were from hours 0 to 7 on such as a light pulse in otherwise constant darkness, on 
days 1-20. Thin horizontal lines indicate time span circadian rhythms has been studied extensively in a 
awake in bed; time asleep (as determined polysomno- variety of species, ranging from single-celled euka- 
graphic recording) is indicated by heavy black horizon- ryotes to primates. It is therefore possible to describe 
tal bars. Thin vertical lines indicate self-selected bed 55 the effect of a single light pulse in otherwise constant 
' times and times of rising. darkness by means of a phase response curve which 

Generally, raster diagrams have a series of time axes, indicates that under such conditions the phase of admin- 
each of which traverses continuously from left to right. istration of the light pulse alone determines the magm- 
Each horizontal time axis is labelled with a "Day n" tude and direction of the phase shift elicited, 
number which indicates the 24-hour period which is 60 Although it was generally accepted that the light- 
presented in the left-most 24 hours of that time axis. dark cycle was the most potent resettmg stimulus in 
Information about days immediately succeeding "Day almost all eukaryotic organisms, much debate arose as 
n" may be illustrated to the right of the leftmost 24-hour to the nature of the principal resetting stimulus m hu- 
period in the "Day n" axis. (In some raster dis- mans. Based on a series of temporal isolation studies, 
plays— unlike FIG. 8— information from the Day n axis 65 Aschoff and "Wever concluded that a 24-hour light-dark 
may actually be repeated, but left-shifted by 24 hours, cycle was too weak an entraining stimulus to mediate 
on the D n + 1 axis.) Raster diagrams thus provide a the approximately one hour phase resettmg necessary 
convenient means by which temporal activities and for synchronization to the 24-hour geophysical day. A 
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critical review of the experimental protocol revealed concurrent with the same displacements of darkness/- 
that the subjects of Aschoff and Wever were in fact sleep (FIG. 9b) results in a rapid and large (7.5 h) shift 
self-selecting much of the lighting in the experimental of circadian phase position. Although the circadian 
suite. It is therefore not surprising that .a free-running timing system would eventually adapt to a shift in the 
pattern emerged. Subsequent studies under more rigor- 5 timing of the darkness/sleep schedule, use of the bright 
ous control have revealed that a light-dark cycle alone indoor lights in conjunction with the shift accelerates 
is capable of entraining the human circadian timing the rate of adjustment by 2-5 fold, 
system to a twenty-four hour day. (See C. A. Czeisler et B. Bright light can reset rapidly the phase of the 
al., "Entrainment of Human Circadian Rhythms by human circadian pacemaker independent of the timing 
Light-Dark Cycles: A Reassessment," Photochemistry 10 0 f t he sleep-wake cycle. 

and Photobiology, Vol. 34, pp. 239-249 (1981)). It was A s shown in FIG. 10, during the first endogenous 
not known, however, whether this entrainment was the circadian phase (ECP) assessment, the subject's ECP 
result of a direct action , of light on the central hypothal- temperature minimum (as indicated by the encircled X) 
amic pacemaker or whether it was s.mpty due to the was misalign ed from the timing of his sleep-wake cycle 
light-dark cycle's indirect influence on the behavioral 15 8 _ 9 hcws later thfm nomal ^.j 

choice or bedtime and wake-time subject's scheduled sleep/darkness episode was held 

Unfortunately, physiologists had been unable to dem- com a „ d ^ subject , s | cp 

onstrate an unequivocal direct effect of bright light on minimum * remamed essentially ^ nchanged . xhe P ni inde . 
human arcadian rhythms, primarily because of a lack of den{ of fte ^ f theVetotatod darkness/sleep 

expenmenta techniques to directly assess Orcadian 20 \ ^ „ brj fl{ ^ 5timulus was tatroduB ^ , gg 
phase -m real time. The development of the aforemen- ? boxes) * hich g idI reset the ™ 

tioned means of assessment of phase and amplitude „, .. ,„ „ ' . , *" * ... 7 ' ~T J^L. 

resetting capacity has how yielded a better understand- ™ k f r t0 8 normal phase L°" ■ w,th ' h 5 E( ? tera " 
Jng of The interaction between the human biological . P™e minimum occurnng 2.25 hours before the sub- 
clock and periodic environmental stimuli than had been 25 JE " S waicetlme 0l . ! ? uo /- m - ", . 
afforded by the animal studies carried out under the , Vo F wy J? lven light-dark/sleep-wake schedule, it has 
rather simplistic and clinically irrelevant condition of a ? s ° b«n discovered that the magnitude of the phase 
total darkness. sWft 15 0nticall y dependent on the timing of onset of the 

As will be 'described below, applications of bright fright light pulse with respect to the pre-existing circa- 
light may be artificially imposed to achieve effects other 30 d . lan f^- Not onl y * e magnitude, but also the direc- 
than mere resetting to the geophysical day. It will be tlon ( advance ° r delay) of the phase shift can be drasti- 
seen that bright light can be used to achieve dramati- call y affected *V *is pulse onset phase. A time of par- 
cally rapid shifting of circadian phase. Very signifi- ticular sensitivity to bright light has been found to be in 
cantly, the application of bright light can have a direct atime frame approximately two-three hours before and 
influence on the deep circadian pacemaker, independent 35 ^tsc the endogenous circadian pacemaker minimum, 
of the timing of activity-related factors. Sma111 changes in the phase of application of light pulses 

Based on application of the above assessment tech- 0211 make * e difference between subsequently advanc- 
nique, the present invention is partially based on the m S> or delaying, the circadian cycle by several hours, 
determined circadian effects of numerous different il- This observed result accentuates the necessity for an 
lumination schedules, all consisting of components of 40 accurate method. of assessment of the existing- circadian 
bright light, ordinary indoor light, and absolute dark- - phase. 

ness. The invention is partially based oh newly discov- c - For any given light-dark/sleep-wake schedule, the 
ered general properties of the human circadian pace- magnitude of the phase shift which can be achieved in 
maker's response to light-dark cycles. These can be response to bright light depends on the phase of bright 
summarized as follows: 45 light administration with respect to the phase of the 

A. Bright light is required to shift rapidly the phase of circadian pacemaker (as marked, for example, by the 
the circadian pacemaker. That is to say that shifting the endogenous component of the body temperature cycle), 
timing of the sleep-wake schedule alone is inadequate in FIG. 11 presents the raw data from our experiments 
effecting large, rapid phase shifts. using the technique for evaluating circadian phase ca- 

It was discovered that bright light is necessary to 50 pacity measuring the amount of phase shift achieved in 
rapidly achieve phase modification. Dimmer light, such response to bright light stimuli delivered at a range of 
as ordinary indoor lighting on the order of 100-300 lux, circadian phase positions with respect to the ECP tem- 
was ineffective to cause phase modification which perature minimum. 

could be clearly attributable to the application of such FIG. 12 presents an average plot of the same data as 
light. However, when bright light, on the order of 55 plotted in FIG. 11. However, data points in the advance 
7,000-12,000 lux (optimally averaging about 9,500 lux and delay zones have been binned and averaged across 
or greater in the preferred embodiment) is applied daily, intervals of three hours' duration. Vertical bars repre- 
phase shifts on the order of 9-11 hours in a 2-3 day sent the standard error of the mean. In those bins which 
period are commonly observed. (For intuitive refer- contained less than four values, a dashed line has been 
ence, 9,500 lux is equivalent to the outdoor illumination 60 used to approximate the mean.' Standard errors were not 
near the time of dawn or dusk. Bright sunlight at noon calculated for these bins. 

presents an ambient light intensity ' of approximately The shape of this response curve to light suggests th'at 
100,000 lux.) As can be seen in FIG. 9a, displacement of the phase marker we have chosen — the ECP tempera- 
daTkness/sleep alone 6 hours later in time— as will often ture minimum and its correlates — does indeed reflect 
be required of shift workers or transmeridian traveler- 65 the phase position of the human circadian pacemaker 
s— does not result in an appreciable shift of circadian since the response curve generated using this phase 
phase position. However, exposure to a bright light reference marker shares the expected properties of 
stimulus of appropriate intensity at an appropriate phase phase delays in the early part of the subjective night, 
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phase advances in the late subjective night and a zone of The distribution of data points in FIG. 11 illustrates 
relative insensitivity during the subjective day. that there is an interval of particular sensitivity around 

Since the phase response curve is a circadian pace- the minimum of the deep circadian pacemaker. Points 
maker property, the phase reference marker which we generally indicated at 306 show a phase advance, while 
have chosen (i.e., the endogenous component of the 5 points generally indicated at 308 show a phase delay, 
core body temperature rhythm) must maintain a rela- The relatively small phase separation of the pulse onsets 
ti vely fixed phase relationship to the output of the circa- for different experiments, as well as the strength of the 
dian pacemaker. (See S. Daan and C. S. Pittendrigh, "A resultant phase changes for pulse onsets timed closely 
Functional Analysis of Circadian Pacemakers in Noc- together, accentuate the necessity for careful timing of 
turnal Rodents: II. The Variability of Phase Response 10 the light pulses. Application of bright light pulses sev- 
Curves" J. Comp. Physiol., Vol. 106, pp. 253-266 era] hours before or after the endogenous circadian 
(1976).) P hase minimuin result » more modest phase delays as 

The magnitude of the shifts and shape of the response indicated at 312. 
curve (see A. T. Winfree, the Geometry of Biological Results such as those found in FIG, 11 are consistent 
Time Sprmger-Verlag, (New York, Heidelberg, Ber- 15 with the Phase Response Curve (PRC), described 
lin), 1980, pp. 36-38, p. 53), unexpectedly indicates that i above and shown to have general validity during the 
our' three pulse protocol has generated what is called a ' "subjective night" of lower animals. However, earlier 
strong "Type 0" phase response curve, usually ob- PRC's did not take into account the importance of the 
served only in plants and insects in response to light and timing of episodes of darkness and ordinary room light, 
seldom observed in mammals or other higher organisms 20 Unfortunately, a 2-dimensional PRC cannot take into 
(see D. S. Saunders, An Introduction to Biological consideration the importance of the scheduling of epi- 
Rhythms, Blackie (Glasgow and London), 1977, pp. sodes of darkness (reset) in relation to the bright light 
40-64) The existence of Type 0 resetting means that a pulse 'applications. FIG. 14- demonstrates how proper 
full description of the state of the oscillator requires alteration of episodes of darkness allows more control 
amplitude as well as phase of the oscillator. Further-' 25" to be exercised over the change -in circadian phase, 
more, for Type 0 resetting, there is at least one point on particularly in the zone of greatest sensitivity (i.e., 
the resetting curve for which the amplitude of the oscil- breakpoint). 

latiori passes through zero during the resetting process, Resetting Response is Phase Dependent 

and that for a correct phasing of the stimulus and adjust- 6 v * 

ment of its strength, zero amplitude can be achieved. 30 The magnitude and direction of the phase shifts m- 
The phase response curves to light found in most mam- duced by a three-cycle light stimulus are dependent 
mals including primates (see T. M, Hoban and F. M. upon the initial endogenous circadian phase at which 
Sulzman, "Light Effects on Circadian Timing System the light exposure occurs (FIG. 15B described in 
of a Diurnal Primate, the Squirrel Monkey," Am, J. greater detail below). The largest phase shifts are ob- 
Physiol. Vol 249, pp. R274-R280 (1985)) are of a weak 35 served when the light stimulus occurs during the "sub- 
"Type 1" resetting pattern, which a T e generally of low jective night," reaching a maximum when the midpoint 
amplitude (maximum phase shifts of only one to three of the light stimulus is centered on the initial ECF m /„ 
hours) and do not have a sharp "break point" between (relative clock houT, 05:00). ■ 
the advance and delay portions of the curve. Type 1 Advances to an earlier phase tend 'to occur when the 
resetting can be described in terms of phase only, 40 light stimulus is centered late in the subjective night, 
whereas for Type 0 resetting to be described fully, both after the initial ECP m ;„, while delays to a later phase 
amplitude as well as phase must be considered. occur when the light stimulus is centered early m the 

Therefore, this empirical finding of Type 0 resetting subjective night, before the initial ECP m( „. Only small 
in humans in response to scheduled episodes of bright shifts are observed when the center of the light stimulus 
light and darkness would not have been predicted a 45 occurs within the subjective day (i.e., 11:00 to 19:00 
priori by someone skilled in the art and knowledge of initial relative clock hour). _ _ 

the subject. This information makes possible many of These findings demonstrate that the timing ot light 
the useful applications described herein. exposure is a critical determinant of the magnitude and 

Referring to FIG. 11, the effect of the timing of appli- direction of the resetting response of the human circa- 
cation of bright light pulses on the circadian phase shift 50 dian pacemaker to light. These results are consistent 
is illustrated FIG. 11 comprises two time axes superim.- with the general properties of phase response curves to 
posed on Dne another. The top time axis is determined light described in all other species, including pnmates, 
by the placement of the endogenous circadian pace- although the class of this response curve (Type 0) has 
maker minimum at 302, labeled ECP m /« (Endogenous very rarely been observed in vertebrates and was cer- 
Circadian Phase minimum). The bottom time axis pres- 55 tainly unexpected in humans, 

ents a standard 24-hour day in a way which associates Furthermore, these results support the use of the 
the endogenous circadian phase minimum with a time of endogenous circadian temperature cycle as an accurate 
6'00 a.m., as indicated at 304. The plotted points are reference time scale for deriving the relationship be- 
experimentaJ results of repeated use of the Method of tween the time of stimulus administration and the phase 
Assessment of Circadian Phase and Amplitude Reset- 60 resetting response of the endogenous Orcadian pace- 
ring Capacity, described above. Data points above the maker in human subjects, analogous to the established 

' zero phase changes line 310 indicate phase advances. use of the free-running rest-activity cycle as a reference 
Data points below the zero phase change line 310 indi- time scale in lower organisms. Paradoxically, for rea- 
cate phase delays, measured after the application of sons discussed above, the free-runnmg rest-activity 

' bright lights. The independent variable in each of these 65 cycle itself does not appear to provide a comparable 
experiments was the time when, in the existing endoge- reference time scale in humans; m fact, a recent study 
nous circadian pacemaker cycle, the bright light pulse attempting to use the human rest-activity cycle to assay 
b r ' circadian phase resetting in. response to bright light 
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exposure was apparently unable to demonstrate the dian phase position during the same interval. This dem- 

phase-delay capacity revealed by our data. onstrates the importance of the timing of darkness/sleep 

The bright light pulse applications according to the in determining the magnitude of the phase shift induced 
present invention may be facilitated through use of by bright light. Thus, scheduling the timing of the daily 

many different types of commercially available lamps, 5 episode by darkness/sleep is a critical element in the 

for example, ordinary fluorescent lights. Because the successful implementation of this invention because of 

photopic and scotopic sensitivity functions cover most its governing effect over the magnitude of the response 

regions of the visible spectrum, it is likely that most to the stimulus at certain phases of administration. This 

"white" light and many monochromatic bands of light governing effect of the scheduling of darkness/sleep on 

could be used effectively, provided luminous flux is 10 the magnitude of the response to bright light is opposite 

sufficiently great in the range of the pertinent visual to that which previously would have been predicted by 

sensitivity function. one skiUed ^ the art) since it was thought that humans 

In many of our studies we have used Vitalite fluores- were insensitive to light intensities typical of ordinary 

cent sources Puro Test Corp.) which have a spectral jndoor room ]igbt ( 100 _200 lux) (see A. J. Lewy et al., 

output designed to mimic sunhght, including UV hght. 15 .. Immediate ^ DeIayed Effects of Bright Light on 

We have also, however, used commercially available Human Melatonin Product j on: shifting 'Dawn' and 

cool white fluorescent sources m other studies, and , Dusk , shifts the . Dhn Light Melatonin Onset 

have seen np difference in effect at the same illuminance (dlmq)," Annah NY Acad. Sci., pp. 253-259, (1985)). 

l V- 1 I \ add ' tl °"' w ^ e ™ P loyed sog ^ les „ n FIG. 14 illustrates the overall importance of the tim- 

sbield subjects from UV light exposure and we have 20 j of darkBess/sleep to determining the phase shift 

seen no difference in resetting response at the same se tQ brf h< fa regardless of the circadian 

illuminance level. Fluorescent lamps were chosen over ^ f ^ * ht adramis f ration . The response elic . 

incandescent lamps for primarily economic reasons. As is plotted with respect to the interval between the 
"SSSTl 1 : aX°™S" «' end ° f ^ darkness/sleep episode and the ECP tempi ' 

which^re weighted to reflect the human visual sensitiv: ^fetter, provide an adequate description of human 

ity function phase resetting capacity to schedules comprised of 

Bright light may be administered by any means which ^ ri S ht 2i e ht ' ordinar y ind ° or IO ° m Nation, and 

provides adequate optical illumination, and it is record 30 f rkness ' «*«« corresponding data ports m the two 

mended that user comfort, safety and practicality be fl ^ res identified on the basis of the phase shifts 

considered. Nevertheless, to achieve the lighting inten- a ^ ed .' T } e schedule preferred to induce any phase 

sity desirable for practice according to the preferred ' de »f ed can b . e d f nved from those tw ° fi S ures . «* 

embodiment of the present invention 7,000-12,000 lux, wJ1 be ^lustrated m the section below entitled: "Phase 

averaging about 9,500 lux, essentially the entire ceiling 35 and Amplitude Modification Using Empirical Founda- 

(or wall, etc.) of a room must be covered with fluores- tl0 il s '" , . 

cent light fixtures if the subject is to be allowed to freely E - The tlmm 8 of absolute darkness/sleep can deter- 

move throughout the room. Other devices, such as ™ ne *e direction of the phase response to bright light 

portable goggles or helmets or other appliances may "> humans, even when the bright light stimuli are ad- 

also be employed. Such devices will be explained in 40 ministered at the same circadian phase. 

greater detail below, All that is necessary is that the The upper two panels of FIG. 15 illustrate in adiffer- 

retina be exposed to bright light for the properly chosen ent subject the same type of magnitude governing effect 

pulse duration. Of course, the subject need not be star- of darkness/sleep position on the circadian phase-resef- 

ing directly at lights. It is sufficient that he be effec- . ting response to bright light as that illustrated in FIG. 

lively surrounded by light of the appropriate intensity 45 13 and described in Section D above. 

for the appropriate duration. However, the third panel of FIG. 15 illustrates that if 

D. Although application of bright light pulses can the timing of the darkness/sleep episode is scheduled to 

alone cause rapid phase modifications, the timing of immediately follow rather than precede the daily bright 

episodes of darkness (rest) with respect to the bright hght exposures, a substantial phase delay shift is elicited 

light pulses also has a profound effect. Together, a 50 rather than the phase advances generated by the prior 

schedule of bright light pluses and periods of darkness light exposures given at the same relative phase posi- 

maximizes the efficiency of the phase modification. tion. This effect of the scheduling of darkness/sleep vs. 

One of. the most unexpected empirical results of the the scheduling of ordinary indoor room lighting is in 

studies conducted to form a basis of this invention is the sharp contrast to the predications which had been made 

importance of darkness/sleep in determining the phase 55 earlier by those skilled in the art (see S. Daan and A. J. 

shift elicited in response to a bright light stimulus at a Lewy, "Scheduled Exposure to Daylight: A Potential 

given phase. The upper panel of FIG. 13 illustrates a Strategy to Reduce 'Jet Lag' Following Transmeridian 

subject with an ECP temperature minimum occurring Flight," Psychopharmacol. Bulletin, Vol. 20, pp. 

at its normal position, just prior to the end of the daily 566-568, 1984), since it had been hypothesized by Lewy 

darkness/sleep episode. Exposure to bright light each 60 and others that the physiologic response of the circa- 

morning for three consecutive days resulted in a small dian timing, system to light only occurred when the 

phase advance of the ECP temperature minimum, such light intensity exceeded the "threshold" intensity (about 

that it now occurred 2.0 hours before the subject's ha- 500 lux) required to suppress the secretion of the hor- 

bitual waketime. mone melatonin by the pineal gland. According to such 

However, as shown in FIG. lib, daily exposure to 65 earlier hypotheses, exposure to subthreshold levels of 

the light at the same relative phase position concurrent light intensity — whether total darkness or the 100-300 

with a phase advance of the daily episode of darkness/- lux intensity of ordinary indoor room light — were both 

sleep resulted in a marked phase advance of the circa- ineffective as compared to brighter light exceeding the 
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2,500 lux required to substantially fully suppress melato- tion were associated with substantial changes in the 
nin production. magnitude and apparent direction .of the response (i.e., 

from maximal phase delay to maximal phase advance), 
Strong (Type 0) Resetting in Human Subjects although the artifactua) discontinuity in Panel A is re- 

The magnitude of the observed phase shifts and the 5 solved when the same data are replotted in Panel B. 
shape of the response curve derived from them (FIG, These characteristics, are all typical of strong Type 0 
15B) indicate that a standard three-cycle stimulus has phase resetting. 

unexpectedly generated that Winfree has termed strong This is in contrast to weak Type 1 resetting, in which 
"Type 0" circadian phase resetting. there is no break point in the phase response curve (as 

The details of FIG. 15B are next described. 10 there is in Panel A). On the contrary, resetting re- 

FIG. 15B illustrates phase dependent resetting re- sponses are minimal at the inflection point between 
sponses of the human circadian timing system to light phase delays and phase advances in Type 1 resetting, 
exposure. Resetting responses are plotted with respect A plot of final versus initial phase of the light stimulus 
to the initial circadian phase at which the brightness- (4>/versus fr, as shown in Panel C) confirms this conclu- 
weighted midpoint of the overall light stimulus oc- 15 sion, since its average slope of O represents, by defini- 
curred (<£/). ' In the upper abscissa, initial ECP- tion, strong Type 0 resetting. This indicates that our 
m ;„ = 05:00); in the lower abscissa, initial ECP m /„ = 0. standard stimulus was strong enough to reset the human 
The solid line represents the model according to a pre- circadian system by an amount sufficient to transform 
ferred embodiment of the present invention fit to the the time at which the bright light exposure occurred 
data as formatted in (C), which has then been projected 20 into the subjective day, regardless of the initial phase 
onto (A) and (B). at which that stimulus was applied (subjective day 

Plot (A) illustrates human phase-response curve in- or subjective night). Consequently, all the final phases 
duced by exposure to the 3-cycle light stimulus? (<jy) at which the light stimuli occurred were limited to 

The stippled (dotted) area indicates the initial sub- ... the subjective day, leaving empty a 10-hour zone sur- 

jective night. Note that when the data are plotted 25 rounding the subjective night (stippled area in Panel C). 
in this standard format, there is an artifactual dis- The demonstration of Type 0 resetting in human 
continuity, or "break point", in the curve during subjects indicates that exposure to light affects not only 
the subjective night where small differences in the . the phase of the human circadian pacemaker but also its 
initial circadian phase of the light stimulus appear amplitude of oscillation, This is consistent with our 
to reverse the direction of the resulting phase shift. 30 recent observation that exposure to bright light can 
That the data is in fact continuous is revealed be- enhance or suppress endogenous circadian amplitude, 
j ow- depending on the phase at which the light exposure 

Plot (B) illustrates data from (A) are replotted in occurs. 

monotonic format with the same abscissa, but with Previously, strong Type 0 resetting has been reported 
an ordinate which represents the number of hours 35 primarily in plants and insects, whereas weaker Type 1 
between the post-intervention ECP m ;„ and the pre- resetting has been considered characteristic of higher 
intervention ECP m ; n , t 2 -ti (=-Ac|>). Remaining organisms. In fact, the house sparrow (Passer domesii- 
symbols are as in (A). This projection reveals that cus) is the only vertebrate in which Type 0 resetting by 
there is not a true discontinuity in the phase re- HgKt has previously been reported, although Gander's 
sponse curve, ' 40 data on- the Polynesian rat (Rattus exulans) support the 

Plot (C) illustrates human phase-transition curve to notion that mammals are capable of Type 0 resetting. in 
the 3-cycle light stimulus. Data are replotted in a response to an extended (8 or 16 hour) light stimulus, 
format introduced by Winfree, Abscissa as in (A) The belief that higher organisms are relatively insen- 
and (B); left ordinate is <\>f, where cj>y=(4>,-t-A<f>) sitive to light probably stems from the fact that the 
modulo 24 A- In the right ordinate, relative clock hour 45 classical studies which formed the basis of circadian 
is defined with respect to the final . ECP m &, phase resetting theory happened to be earned out on an 
(05;00=final ECP m fr,), rather than the initial ECP- unusually light-sensitive circadian rhythm, pupal emer- 
m /„. Therefore, in (C) the stippled area represents gence in Drosophila pseudoobscura,. Those pupae are so 
the final subjective night. Note that there is an exquisitely sensitive to light that a mere 55 seconds of 
excluded zone during which final ECP mi „ never 50 exposure to a dim blue light (1 W/m 2 ) results m strong 
occur as a result of exposure to the light stimulus. Type 0 resetting of the circadian pacemaker gating that 
The average zero slope of the data curve in (C) critically timed event, However, it was more recently 
indicates that the stimulus induced Type 0 reset- found that adult flies of the same species require 12 
ting, as defined by Winfree. hours of exposure to 7,000 lux of white light to achieve 

Using non-linear least squares, the mathematical 55 comparable Type 0 resetting of their circadian activity 
model according to a preferred embodiment of the rhythm. Furthermore, the cockroach Leucaphaea made- 
present invention was fit to the data in (C), Estimated rae requires exposure to 80,000 lux of light for 12 hours 
parameters and their standard errors are; to achieve strong Type 0 resetting of its locomotor 
a = 11.06±0.3; <f> c =0.05±0.01; a=0.70±0.1; activity rhythm, indicating that there is a wide range of 
b=0,45±0.13; covariance (a,b)=-0.01. Linear trans- 60 light sensitivity, even among ir--"*" 



„..jations of these variables yield the following esti- Therefore, although it has been suggested that, corn- 
mates of the light sensitivity ' parameters: pared to' other organisms, humans are very insensitive 
(a+b) = 1.15-0.06 (maximal effectiveness); to phase resetting by light, our data indicate that the 
(a— b)=Q.25±0.23 (minimal effectiveness). responsiveness of the human circadian pacemaker to 
A shown in FIG, 15B, both phase delays and phase 65 light is, in fact, within the range observed in other spe- 
advances of up to 12 hours were observed in response to cies. Additional studies are now needed to determine 
the stimulus. In fact, in that region of greatest sensitiv- the strength of the light stimulus necessary to induce 
ity, small changes in the phase of stimulus administra- strong Type 0 resetting in other diurnal mammals. 
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. F. Not only the phase, but also the amplitude, of the tude of the endogenous oircadian pacemaker, .and in 

deep circadian pacemaker is affected by the application certain experiments have reduced the amplitude to a 

of bright light pulses. level indistinguishable from zero. Such reduction in 

By reducing the amplitude of oscillation with a first circadian amplitude is associated with a decrease in the 
pulse or sequence of pulses, the effect of any subsequent 5 range of a variety of circadian controlled variables, and 
pulses on phase shifting is enhanced. In the extreme is especially useful in averting the decrements in physi- 
case, when the amplitude is reduced to zero, a subse- cal and cognitive performance associated with the 
quent pulse of light or darkness can immediately reset trough of the circadian temperature cycle. Also, such 
the deep circadian pacemaker to a pre-defined phase. In reduction in amplitude may facilitate the rapid shifting 
the development of the methods described herein we 10 of circadian phase by means of manipulation of lighting 
have discovered that the amplitude of the endogenous schedules; and as noted above, it has been reported by 
temperature rhythm, measured by the Constant Routine Reinberg that persons with certain amplitude character- 
method, serves as a useful marker of the amplitude of istics are better suited to the demands of shift-work, 
the output of the endogenous circadian pacemaker. Likewise, certain lighting regimens can increase the 

One of. our elderly subjects, shown in Panel D of 15 amplitude of the endogenous circadian pacemaker, 

FIG. 7, had a core body temperature recording during which should facilitate both greater daytime alertness 

a 40-hour endogenous circadian phase (ECP) assess- and deeper sleep at night. 

ment which revealed an absence of any detectable cir- Data on which the present invention is partially based 

cadian variation. Likewise, Cortisol secretion revealed are therefore inconsistent with the notion that light 

no evidence of rhythmicity. 20 must exceed a certain threshold to have an effect on the 

In order to determine whether the lack of circadian circadian system, such as 500 lux, as has been suggested, 

variation in that subject's Constant Routine temperature The traditional "phase response curve", derived princi- 

recording reflected a reduced output of the circadian pally from brief light pulse experiments conducted on . 

. pacemaker, we conducted a follow-up recording for six organisms living in otherwise constant darkness, is only 

weeks in a time-isolated environment, which confirmed 25 a partial description of human phase resetting respon- 

the original finding and revealed a distinctive pattern in siveness to light-dark cycles. 

which the subject free-ran with an activity-rest cycle The present invention uses a more useful description 

period which was alternatively shorter or longer than of circadian phase resetting by light in humans. This 

24 hours (about 22 and 27 hours, respectively) (FIG. description requires a phased' summation of graded 

16). Analysis of the clustering of bedrest episodes sug- 30 responses. That is, the response of the circadian system 

gested the possibility of a weak output of the endoge- to a given light-dark schedule depends on the cumula- 

nous circadian oscillator at a period of 23.7 hours, tive effect of all the light intensity transitions within that 

which was further supported by the presence of a low schedule, and that the range of intensity changes which 

amplitude temperature oscillation during his final con- exert an important effect are not limited to bright light 

stant routine, although bedrest episode durations were 35 (e.g., greater than 2,000 lux) but encompass a graded 

not consistently related to the phase of that cycle and range of responses to light exposures occurring from 

non -parametric spectral analysis of temperature did not zero light intensity (i.e., darkness) to over 100,000 lux 

show a prominent peak at that or any other period (e.g., the ambient light intensity of the midday sun). 

(FIG. 17). These findings are verified by several clinical inter- 

The very abnormal free-running activity-rest cycle 40 vention studies and demonstrate the practical use of the 

pattern of this subject, who had a markedly reduced above principles in the treatment of actual jet-lag and 

temperature cycle amplitude during his screening ECP sleep .disorders. The utility of the above principles in the 

evaluation, suggests that in his case the endogenous treatment of age-related changes in circadian function, 

circadian oscillator had a substantial reduction in output and in the facilitation of temporal adjustment typically 

as compared to the average subject. Otherwise, his 45 required by shift-workers, are also demonstrated, 

unprecedented activity-rest cycle periods during desyn- ,„ „^ ,. , , _ , ., 

chrony of first 22, and then 27, hours (activity-rest cycle Influence of Ordinary Indoor Room Light 

periods which have not been seen in healthy young G. The phase shifts induced by a stimulus are depen- 

subjects, (see R. Wever, The Circadian System of Man, dent not only on the timing of exposure to bright light, 

Springer- Verlag, New York, (1979)), would have been 50 but also on the timing of exposure to ordinary indoor 

captured into synchrony by the presumably near-24- room light. 

hour output of the endogenous circadian oscillator. As is illustrated in FIG. ISA, we found that changes 

Thus, the body temperature cycle amplitude during the in the timing of exposure to ordinary indoor room light 

ECP protocol was an accurate assessment of the ampli- (averaging 150 lux) can have an effect on the magnitude 

tude of the output of the circadian pacemaker. 55 and the direction of a phase shift induced by a bright 

The confirmation of our hypothesis that the core light stimulus given at a time of peak light-sensitivity, 

body temperature pattern reflected the output of the FIG. 15A illustrates daily illuminance patterns and 

endogenous circadian pacemaker has led us to conclude resulting phase shifts in three different trials of light 

that interventions which change the amplitude of the exposure in a 22-year-old man. In each of these trials, 
endogenous component of the temperature cycle may 60 the midpoint of the bright light exposure (tat) was 

well be altering the output of the .circadian pacemaker. scheduled to occur at approximately the same initial 

The phase and amplitude resetting assessment technique . ECP m ;„ (ti, indicated by a vertical dashed line), while 

which we developed thereby allows us to assess the the timing of exposure to room light (and therefore 

effects of a particular intervention on the amplitude, as darkness/sleep) was varied. 

well as phase, of the circadian pacemaker. 65 In (A), exposure to room light occurred predomi- 

We have learned several general principles in the nantly after the bright light exposure, whereas in (C), 

development of this method for amplitude modification. most of the exposure to room light occurred before the 

First, certain lighting regimens can reduce the ampli- bright light exposure. In (B), the midpoint of the room 
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light exposure (t^r) was concurrent with that of the phase-resetting response, according to the principles of 
bright light exposure (t S Ll While Xsl occurred at a the present invention. Methods according to the present 
relative clock hour of 05:20 (± 1 5 minutes) in all three invention account for both light levels by averaging the 
cases, the relative clock hours at which the midpoints of midpoint of exposure to bright light with that of room 
the overall light exposures occurred (tL, which is a 5 light, using a formula which includes an approximately 
brightness weighted average of t R u as described weighting ratio of their relative importance. The phase 
herein) were 06:36, 05:34,and 3:43 for (A), and (B) and of that brightness-weighted midpoint of the overall 
(C), respectively. These tL values correspond to initial light exposure is used here to denote the initial circadian 
circadian phases at which the stimuli occurred (cj>;) of phase, at which the light stimulus is applied. • 
1.6 hours, 0.6 hour, and 22.7 hours, respectively. 10 The phase of the overall light exposure was estimated 

■ These differences in <f>; were associated with marked by calculating a brightness-weighted average, tL, of the 
differences in the magnitude and direction of the reset- midpoint of the 5-hour exposure to bright light 
ting response to the light stimulus (A<p for (A)= + 3.6 (7,000-12,000 lux), Xbu and the midpoint of the 16-hour 
hours; for (B) = +8.6 hours; and for (C)= -5.9 hours), exposure to ordinary indoor room light (100-200- lux), 
consistent with the results discussed below (in FIG. 15 Irl. By comparing the results of resetting trials in 
1SB, Panel. A). These data indicate that the timing of which the midpoints of the bright light' and ordinary 
exposure to room light can' substantially modulate the room light exposures were coincident with trials in 
phase-shifting effect of bright light when ijjl occurs at which they were not, we have found that the circadian 
(or near) the most light-sensitive phase. phase of bright light exposure is the dominant factor 

These results are not consistent with the notion that 20 determining the magnitude and direction of the reset- 
the human circadian timing system is unperturbed by' ting response. 

exposure to ordinary indoor room light of an intensity i n fact, small displacements of <j>/ due to changes in 
below the threshold required for melatonin suppression. the timing of room light can only have a critical effect 
Thus, suppression of circulating melatonin levels by when 4>,-is at the very steepest point on the response 
bright light exposure does not appear to be required to 25 curve (i. e ., at the ECP m ,>). Nonetheless, tL can be esti- 
perturb the human circadian pacemaker, suggesting that mated using the formula: 
light acts directly on that pacemaker, probably via the 

monosynaptic retinohypothalmic tract in humans, This /L=(«<aL+<> -*)'«. 

conclusion is consistent with data from Orth and Island, 

who reported twenty years ago that experimental alter- 30 where 

ations in the timing of indoor room light could shift the tL is the brightness-weighted midpoint of the overall 
phase of the plasma 17-hydroxy-cortieosteroid cycle in light pattern, 

.human subjects, even when the timing of sleep was held tsL is the midpoint of bright light, and 
constant. However, this does not preclude an influence ijjl is the midpoint of room light, 
of either the rest-activity cycle or pineal melatonin 35 A working estimate of the weighting ratio (k)/(k-l) is 
secretion on the entrainment process, s recent evidence 2.7. _ 
has suggested. O f course, an enlarged set of experiments would be 

As described above, bright light can shift the phase of desirable to estimate that weighting ratio with greater 
the endogenous circadian pacemaker, even when the precision. In any event, the phase-resetting- curve de- 
timing of the sleep-wake schedule is held constant. 40 rived from our data using 
However, in some studies, the influence of ordinary 

indoor room light on the response to bright light expo- <j>/-Ct/!L-tiW«fc 24* 

sure cannot be unambiguously ascribed to laboratory , . , „„. 

light, since the subjects slept during scheduled dark * qualitatively the same as that derived using 

episodes. Thus, the influence of exposure to room light 45 

could conceivably be due in part to an internal effect of '»»■«<«*>«* 

the rest-activity cycle on the pacemaker, such as has • ^ av differenoe between the actual value of 

recently been described m ammal studies (N. Mro- calculated for t£ was only 0.66 hours for the 

sovsky and P. A, Salmon, Nature 330, 372 (1982)) ^ d d fa 

However, free-running endocrine rhythms with an 50 ™» C "» U S uuua JC F 
intrinsic period as low as 24.35 hours have been re- 4. phase and Amplitude Modification Method Using 
ported in blind subjects whose rest-activity cycles are Empirical Foundations 

constrained to 24 hours, indicating that the range of modification method according to the present 

entrainment of those : rhythms ;to the «^<9<|a . ^ fa ised on the observations that bright 
in those blind subjects is less than 0.35 hours. The range 55 * endogenous circadian 

of entrainment for such rhythms is 3 times larger (about * cemak md that - the e{fect of the bright bght is 
1.2 hours) in normally sighted subjects whose rest- SaniHeantly enhanced by proper scheduling of dark 
activity cycle is similarly constrained to 24 hours, but gg"J^*toi. Further, pro^x application of light 
who are also exposed to a concurrent cycle o ordmary ^ > ^ ^ ]tode of 

indoor room light and darkness (J. E. F°okson et al, 60 V circadian pacemaker even to the point 

Sleep Res 13, 220 (1984)). Internal (non-hght effects of amplitudes zero, so that subsequent 

the rest-activity cycle thus probably contribute no more : . de of j; ht or darkne ss may immedi- 

than about 30 percent of the total entraining effect of ^ ndogenou f circa dian pacemaker to a 

the imposed schedule of ordinary indoor room light and ■ ^g^ Je 

darkness/sleep. _ « wh : wft j nduce d by a 3-cycle stimulus 

. Therefore, the timing of exposure to both bright light approxima tely equivalent to those induced by a 

and ordinary room light have been incorporated into ^6 stimulus, the endo g enous circadian temperature 

the definition of the stimulus and the evaluation of its ' 
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amplitude observed after administration of the 3-cycle Although the empirically derived procedures for 
stimulus is, on average, 12.8 percent lower than its nor- modifying phase and amplitude have been found experi- 
mal value (of 0.5 degrees C.) after substantial > 4 hour) mentally to be optimal, for a particular individual in a 
phase shifts. Pilot studies indicate that the final circa- given circumstance one of the empirically derived regi- 
dian phase (<j>y) is not changed by an additional (4th) 5 mens may be inconvenient. A computer-based model 
cycle of exposure, even if the first 3 cycles had induced has therefore been developed which allows the formu- 
substantial phase shifts. However, that extra cycle does lation of a variety of alternative schedules with alterna- 
normalize amplitude. tive dosages, timing and duration of light exposure 

This, together with our data from the 7-cycle trials, which will effect the same result. The theoretical foun- 
suggest that post-stimulus phase transients (C. Pitten- 10 dations for the computer model are described in section 
drigh, V. Bruce and P. Kaus, Proc Natl Acad Set USA 5 below, and the methods to modify phase and ampli- 
44, 965 (1958)) are largely complete at the time of the tude using that model are further described in Section 6 
post-intervention endogenous circadian phase assess- below. 

ment. The remainder of the current section (section 4) will 

On the other hand, it does not appear that the ob- 15 therefore address the detailed description of those pro- 
served phase shifts are induced solely by the first expo- cedures to modify circadian phase and amplitude which 
sure to bright light, since omission of the bright light may be derived directly from empirical data which is 
episodes during the second and third cycles does not currently available, 
yield a comparable result to that of our 3-cycle stimulus. 
These experimental results are consistent with the pre- 20 
dictions of the preferred mathematical model, which 
indicates that a stable phase position should be achieved Delaying circadian phase is desirable for westward 
at all phases (including a full 12-hour phase shift) after jet travelers, shiftworkers who must rotate to a later 
the first 3 cycles. Stable phase positioning after phase shift (i.e., clockwise rotation), and patients with an un- 
shifts ofless than 12 hours may be achieved in less than 25 desirably advanced sleep phase (iie., Advanced Sleep ' 
three cycles. Phase Syndrome, typically, but not exclusively, found 

A further factor determining of the number of cycles in the elderly), 
of stimulus needed to cause stabilization of phase posi- Phase delays of 2-11.5 hours have been achieved in 
tioning is the duration of the stimulus. Generally, longer 2-3 days' time by appropriately structuring these days' 
stimuli (intelligently timed) cause more rapid comple- 30 lighting schedules with particular attention to the tim- 
tion of the shifting and stabilization process. ing of bright light and darkness. 

For the purposes of research, it is advantageous to In order to best design the lighting schedule, one 
employ a standard stimulus consisting of three cycles of must have knowledge of the initial circadian phase of 
exposure to a daily illuminance pattern of bright light, the person to be treated. This is best achieved by the 
ordinary indoor room light, and darkness. Fewer than 35 previously described embodiment known as the Con- 
three cycles of exposure may induce qualitatively dif- stant Routine. However, it would be acceptable in most 
ferent results, including substantial reduction of circa- cases to infer such phase based on comparisons made to 
dian amplitude. the body of normative phase data such as is contained 

However, in a treatment scenario (as opposed to an within this disclosure (FIGS. 3, 4, 5, and 6a, 6b) or in the 
initial research scenario), the introduction of a reduc- 40 literature in general. 

tion in amplitude may be permissible, or even desirable. By subtracting the initial phase from the desired 
Thus, although some of the results reported in this phase, the magnitude and direction of the required 
Specification may comprise 3-stimulus interventions, it phase shift is determined. Then, by interpolation of 
is to be understood that treatment methods according to FIG. 11, the optimum time to begin the administration 
the present invention may comprise interventions of 45 of a bright light pulse is determined. This bright light 
greater or lesser number of repetitions, and/or of differ- pulse is approximately .five hours in duration and has a 
ent stimulus intensities or durations. Such variations on dosage of approximately 7,000-1 2,000 lux in a preferred 
the actual methods shown in this Specification, and in embodiment. Light of half intensity may precede and 
other interventions not specifically included due to follow this five-hour pulse for approximately 15 min- 
considerations of brevity, lie within the contemplation 50 utes. 

of the present invention. By interpolation of FIG. 14, the optimum timing of 

The use of empirical results reported here and in the dark (sleep) pulse is determined. The dark pulse lasts 
literature derived from the work of the inventors, as from approximately six to nine hours in a preferred 
well as using the mathematical model of the deep circa- embodiment. The retina of the eye should be appropri- 
dian pacemaker according to the preferred embodiment 55 ately shielded from substantially all light. This can be 
of the present invention, allows those skilled in the art accomplished most practically by having the individual 
■to design and implement treatment protocols to achieve remain in a dark room, for example, while in bed sleep- 
clinically desirable results in a variety of situations even ing. In the preferred embodiment of the technique, all 
though each such situation may not be specifically enu- artificial indoor light sources -within the room (e.g., 
merated in this Specification. 60 electric lamps or other light sources, gas or flame lamps, 

Preferred embodiments of the method for shifting television, etc.) would be switched off and all sources of 
circadian phase based.on application of light pulses, and natural or artificial outdoor light (e.g., sunlight or street 
on timing of episodes of darkness (rest) will first be lights illuminating the room through window openings, 
described. Then, application of these methods to partic- skylights, or other modes of entry should be shielded 
ular work schedules, traveling schedules, and circadian 55 from the room, using blackout curtains, opaque shades 
phase-related disorders will be presented. Finally, the or other appropriate shielding devices. If the individual 
methods of modifying the amplitude of the deep circa- is unable to remain in such a dark room during the 
dian pacemaker will be explained. scheduled dark episode, goggles which effectively ab- 
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sorb 90-95 percent of visible light (such as welder's times of occurrence of the deep circadian pacemaker 
goggles) may be worn or the individual may wear troughs at time 516 (Day 15) and time 518 (Day 20). 
contact lenses with a similar light absorbing property. After another shifting of the activity-rest cycle by 7.5 

At times not specified above, the person being treated hours on Day 20, bright light pulses of 5.5 hour duration 
should be exposed to light of normal indoor light inten- 5 were applied on Days 21-23. A. statistically significant 
sity (ca. 100-500 lux). 9.9-hour phase shift in the deep circadian pacemaker is 

The relative timing of exposure to bright light, room indicated by the relative timing of deep circadian pace- 
light and darkness can also be derived by interpolation maker troughs at time 518 (Day 20) and time 520 pay 
of the data in FIG. 15B, using the formula described in 24/25). 

Section 3(G) to estimate the brightness-weighted mid- 10 In summary, FIG. 18 graphically demonstrates that 
point of the overall light exposure. the phase-shift of the deep circadian pacemaker in re- 

This lighting schedule is repeated for three.days in a sponse to.bright light pulse applications (minus 7.1 and 
preferred embodiment. Upon completion of this regi- minus 9.9 hours) is far greater than that (less than 2 
men, the desired phase shift -will have been achieved. A hours) explainable either by the free-running period or 
second Constant Routine can then be carried out if it is 15 manipulation of the activity-rest cycle, 
necessary to evaluate the phase or amplitude resetting FIG. 18A-1 and FIG. 18A-2 show two raster dia- 
capacity of the individual on that regimen. grams which demonstrate that bright light can be used 

FIG. 18 is a raster diagram which indicates how to treat the lack of physiologic adaptation to night work 
application of bright light accelerates the phase delay which leads to dyssomnia, impairment of performance 
shifting of the circadian pacemaker trough much faster 20 and increased safety hazards. The study involved sev- 
than mere manipulation of the activity-rest cycle, FIG. eral individuals, the data from one of which is shown in 
18 is a raster diagram in which the information on a FIG. 18A-1 and FIG. 18A-2. Statistical results of plural 
horizontal time axis, for example, Day 5, contains infor- subjects are represented in FIG. 18B. 
mation about both Days 5 and 6. Thus, the points indi- The study involved a comparison of a control group 
• cated at 522 and 524 (FIG. 18) are in fact that same 25 (exemplified by FIG. 18A-1) and an experimental group- • 
experimental point. The hollow bars in FIG. 18 indicate (exemplified by FIG. 18A-2. The study was designed to 
periods of enforced wakefulness during a Constant emulate a realistic night shift worker as much as possi- 
Routine, and the solid bars indicate periods of enforced ble, in that the individuals actually went home after 
bed rest work, Tather than remaining in a laboratory environ- 

The subject- was placed on a schedule of cumulatively 30 ment. The particular raster diagrams shown in FIGS, 
•repeated phase delays in his activity-rest cycle. During 18A-1 and 18A-2 are those of the same subject, taken 
some of these delays, bright light pulses were applied in during studies conducted three weeks apart, the subject 
order to determine the effect of circadian phase delay thus serving as his own control in this case, 
attributable to the bright light pulses. The phase delay In the Control Study, several nights of sleep were 
was measured using the Phase Resetting Capacity As- 35 observed and documented, as shown by the dark hon- 
sessment Method described above. zontal bars 501. Then, the circadian phase of the subject 

The first Constant Routine started before time 502 during the control study was measured using the Con- 
(FIG. 18). During this Constant Routine, the trough of stant Routine, during the period indicated generally as 
the deepcircadian pacemaker was determined to occur 503. The ECP minimum 505 was determined to occur at 
at time 512 (Day 5). In Days 6-9, the subject was en- 40 5:22 AM. 

trained to a 24-hour activity-rest cycle. At time 504, a The following day, the subject changed from day 
second Constant Routine assessment of the deep circa- shift (working 9 AM to 5 PM) to night shift (12 mid- 
dian pacemaker was performed. As shown at time 514 night to 8 AM). The control group experienced normal 
(Day 10), the deep circadian pacemaker trough (ECP- levels of indoor illuminations, as indicated by the dotted 
m ,„) was phase-delayed by only 0.9 hours, which is 45 block at 507. His ad lib daytime sleep episodes are illus- 
statistically insignificant in light of its accordance with trated by the black bars to the right of box 507. 
previous results under similar circumstances. After working four days of night shift, the control 

On Day 11 , the activity-rest cycle of the subject was group was again tested to determine the ECP minimum, 
delayed by six hours. This delay was enforced from In this particular subject, the ECP minimum 509 was 
Days 1 1 to 14. Unlike Days 6-9, during Days 12-14 the 50 determined to occur.at 6:32 AM, a statistically uisigmfi- 
subject was exposed to 5.5 hours of bright light on three cant phase delay of 1.2 hours. 

consecutive nights, as indicated at 526 (FIG. 18). On In contrast, the right panel Intervention Study shows 
Day 14, a third Constant Routine was entered, It was the same subject three weeks later undergoing a similar 
determined that the deep circadian pacemaker trough change from working day shift to working four nights 
occurred on Day 15 as indicated at time 516, The phase 55 of night shift. As in the control study, several nights of 
delay between time 514 (Day 10) and time 516 Pay 15) sleep were observed at 501. The ECP minimum 511 was 
was a statistically significant 7.1 hours. This indicates determined to occur at 5:13 AM. 
that the application of bright light pulses dn successive The next night following the determination of the 
nights dramatically shifted the phase of the deep circa- ECP minimum determination, this subject was exposed 
dian pacemaker by a magnitude which is not explain- 60 to bright light (approximately 10,000 lux) during his 
able either by free-running period or by manipulation of work schedule, indicated as the box 513 containing a 
the activity-rest cycle. • : radiant circle. During the period when bright lights 

Days 15-25 of the experiment basically repeat the were applied at work, the subject experienced his 
procedure of Days 5-15 . A 7-hour delay in the en- scheduled sleep episode shown in black bars to the right 
forced activity-rest cycle on Day 16 caused a statist!- 65 of box 513. (The short "nap" on the third day of night 
cally insignificant phase delay in the deep circadian was unplanned— not part of the schedule— and is not 
pacemaker of only 1.9 hours. This phase delay of the believed to substantively affect the results of the expen- 
deep circadian pacemaker is indicated by the relative menl.) 
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After the four nights of night shift work, the subject's differences in level and duration of light exposure after 

ECP minimum 515 was again determined using the leaving work could cause potentially undesirable effects 

Constant Routine. The ECP minimum had delay- on the resulting phase shift of the ECP minimum. Be- 

shifted a significant 9.2 hours to 3:22 PM. This new time cause the variations in light exposure due to varied 

of occurrence of the ECP minimum thus occurred ap- 5 daytime schedules may conceivably occur at times of 

proximately 1.5 hours before his new, habitual wake particular phase-shifting sensitivity (that is, near the 

time. _ _ ECP minimum), it is desirable to minimize any undesir- 

Referring to TIG. 18B, the array of changes in the able phase shifting effect of the potentially haphazard 

ECP minima of plural subjects are illustrated. As exposures to light which may occur for night shift 

shown, the Treatment Study consistently showed a 10 workers during daytime. 

phase delay of the ECP minimum into the afternoon, According to a preferred embodiment of the shift 
indicating adaptation to the daytime sleeping schedule work adjustment method according to the present in- 
demanded of night shift workers. Insignificant contrast, vention, exposing night shift workers to bright lights 
the ECP minima of the Control Study subjects were not only during the latter .hours of their night shift (such 
distributed from a slight phase delay to a medley of 15 as 4-8 AM), but also during the earlier hours of their 
small shifts and sometimes inappropriate phase ad- night shift (that is, for the full 12-8 AM shift), a greater 
varices, The subjects in the Treatment Study also experi- control over the positioning of the ECP minimum is 
enced an appropriate shifting in the phase of Cortisol achieved, This greater control minimizes the effect of 
secretion, alertness and performance, confirming the spurious daytime exposures to non-ideal light-darkness 
utility of the regimen undergone by- the subjects in the 20 patterns. 

Treatment Study (FIG. 18C, panels F through G). A conceptualization of why such an exposure to 

FIG. 18C (panels A through E) indicates that such bright light would stabilize the entrainment to night 

appropriate shifting of these daily rhythms was not shift work and daytime sleep is better understood with 

: achieved by subjects in the control studies, even on the.. . reference to the mathematical model of the circadian 

sixth consecutive night of work. 25 oscillator, described in greater detail below. At this 

It is believed that the only substantial independent point, however, it is sufficient to note that the preferred 

variable is the level of illumination during the subjects' mathematical model according to the present invention 

night work shift, the scheduled exposure to "commut- involves the weighted midpoint of total exposure to 

ing" light after the bright light, and the enforced dark- light over extended periods, such as over periods of 

ness during the scheduled periods after arriving home in 30 days. The model is not limited to those known models 

the morning. A comparison of the Control Study with which are concerned only with shorter "impulsive" 

the Intervention Study in the same subject yields similar administrations of light. 

results with other subjects in the group (see FIG. 18B). Through a realistic assessment of an individual's 

The fact that the ECP minimum in the Control Study most-likely encountered daytime exposure to light and 

subjects did not adapt to the new sleep time of the sub- 35 darkness, or through use of normative expectations of 

jects (indeed, in most subjects in the Control Study, the such "leisure time" light exposure, an optimum lighting 

phase actually advanced on the order of 3-2 hours), schedule during working hours can be designed, ac- 

while the ECP minimum of the subjects in the Interven- cording to the present invention. Based on expected 

tion Study did adapt to the new sleeping schedule, dem- variations in the leisure time exposure to light, there can 

onstrates that exposure to bright light during night 40 be designed into the work time lighting regimen (and, 

work, advantageously combined with darkness during assuming the presence of workers willing to take rea- 

day sleep, can induce physiologic adaptation to this sonable measures to darken their daytime sleep environ- 

inverted work-sleep schedule. ments) periods of imposed darkness, any detrimental 

In the present study, it was demonstrated that oom T effect of any undesirable variations in daytime light 

plete physiologic adaptation occurred in a maximum of 45 exposure can be minimized. Indeed, a "buffer zone" of 

four days with the appropriate lighting regimen. How- stability about model "desirable" daytime light expo- 

ever, based on other studies (see, for example, FIG. 18), sure regimen can be accommodated to some extent by 

adaptation to a forward-shifting work schedule can .nighttime lighting regimens. 

apparently be achieved in three days. Furthermore, Both employers and employees can be aided by nor- 
based on theoretical predictions based on the mathemat- 50 mative data (and/or by theoretical predictions accord- 

ical model of the human circadian system (described ing to the mathematical model of the present invention) 

below) such adaptation can apparently by achieved in regarding probable leisure-time light exposure patterns 

two days. Thus, the study shown in FIGS. 18A-1 and of the employer's workers on various shifts. The em- 

18A-2 does not test the limits of speed of adaptation of ployer can thus intelligently contribute to the efficiency 
the deep circadian pacemaker caused by the inventive 55 and productivity of his work force by controlling the 

methods according to the present invention. lighting during working hours. The employer can also 

To facilitate the useful application of the present reduce employee discomfort due to shift work adapta- 

in vention in a realistic scenario, the above formulation tion by recommending specific regimens as to how to 

of the lighting regimen factored in the expected light impose periods of darkness (and perhaps bright light) 
exposure ^during the employee's commute home after 60 during non-working hours, The improved sense of 

working night shift in a bright light environment, This physical and mental well-being which accompanies 

formulation involved a planned period immediately physical adaptation to changing shift work would ufi- 

after (to the "right" of box 513) during which light at doubtedly motivate such employees to follow the rec- 

that time of day was experienced. ommendations which were based on the normative data 

In a practical scenario, it would be expected that 65 and/or theoretical data, 

different workers, upon leaving work at, say, 8 AM, According' to the preferred embodiment of the pres- 

would be exposed to different levels and durations of ent invention, the total pattern of light exposure is ac- 

Iight intensity before they arrived at home to sleep. The counted for in the assessment and modification of the 
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circadian phase and amplitude. The consideration of the (and presumably sleep). As described above, when the 
effect of a total pattern includes consideration of light ECP minimum is timed to occur within a sleep episode, 
exposure during not. only a single day, but over ex- the sleep tends to be more efficient, and wakeful activrty 
tended periods of several days. Thus, for workers who tends to be more productive 

regularly work night shift certain days of the week, but 5 (1) FIG. 20 depicts a schedule, plotted m double raster 
must re-adapt themselves to nighttime sleep and day- format, which is optimally suited for achieving a delay 
time activity on non-working days, a weekly regimen of shift of approximately 3 hours. Such a delay would be 
exposure to light and darkness can be designed through typically required oftravelteis flying from New York 
use of empirical results or the mathematical model ac- to San Francisco. This schedule utilizes a protocol 
cording to the present invention. 10 which resets circadian phase with little effect on circa- 

F1G 19 illustrates the effective application of the dian amplitude (i.e., Type 1 resetting). The tirst solid 
phase-shifting abilities of bright light pulses according bar represents the individual's habitual sleep/dark epi- 
to the present invention to transmeridian travelers. The sode (typically occurring from 23:30 to 07:30) On the 
letters A B C and D indicated in FIG. 19 correspond next day, which could be the day before travel, bed time 
to the segments so labeled in FIG. 18. Referring to FIG. 15 and wake time are moved an hour later ^^P^ 
19, the laboratory experiment recorded in FIG. 18 can mately 4-5 hours of bright light (at least 7,000-12,000 . 
be thought of as simulating a transmeridian trip of inter- lux) are administered just prior to the sleep/dark epi- 
continental dimensions. The segments A, G, C and D sode. On the following day, which could be the day of 
shown in FIG. 18 correspond to the simulated phase travel, bed time and wake tune are moved an additional 
shift which would be required by an individual travel- 20 hour and a half later, and approximately 3-6 hours of • 
ing westward, crossing 6-7 time zones. During segment bright light are adinkristered just prior to sleep. If con- 
A (davs 5-10) without the aid of properly timed bright venient, the bnght light could be administered on the 
light exposure, the endogenous circadian pacemaker of airplane flight while en route This could fit in quite 
the subject only adjusted to a trip equivalent to that of well aboard evenmg non-stop flights from New York to 
one from New York to Omaha, despite the fact that he 25 San Francisco. Should additional phase^delay^ shift be 
was attempting to shift his rest-activity cycle to an required, this schedule can he continued. It should be 
equivalent of Samoan time (6 time zones west of New noted that, to have the maximum beneficial effect the 
York) strength and duration of bnght light dosage will depend 

In contrast, during segment B (days 10-15), a more on the amount of light to which the person has been 
dramatic phase shift caused by the application of bright 30 previously exposed during the day. However, if a more 
light pulses on three consecutive evenings would have acute shift is desired a schedule employing type 0 (am- 
successfully adjusted a traveler's endogenous circadian . plitude reducing) phase resetting would be faster, 
pacemaker by an amount equivalent to a trip' from (2) Eastbound travelers (e.g., Seattle to Pans) or shift 
Omaha to Auckland workers making the transition from evening shift 'to 

Once in New Zealand, the individual again attempted 35 night shift, are often required to accomplish a nearly 
to shift his rest-activity cycle by an amount equivalent complete inversion of their sleep-wake cycle ; (a jtaft 
to a trip from Auckland, New Zealand to Karachi (7 requiring a 10-12 hour delay or a 10-12 hour phase 
time Tones westward) However, without the aid of advance) when they travel from the Onent to many 
SrightTght exposure; his endogenous circadian pace- parts of the Western world or when industrial workers 
maker again only drifted to a later hour during segment 40 must rotate from day work to night work. When the 
C (days 15-20) so that the subject's endogenous circa- shift required is 10 hours or greater, it cannot practi- 
cian pacemaker had effectively only adjusted to the cally be accomplished via Type \^ se *^" ce J- 2 
time in Sydney. Thereafter, in segment D (days 20-25), weeks would be required before the shift were com- 
the acceleration of the phase shifting due to three days plete. Therefore, the best strategy is to center ^ the hgh A 
of bright light pulse applications effectively adjusted 45 exposure on the circadian temperature minimum and to 
the subject's endogenous circadian pacemaker to a trip schedule the timing of sleep/darkness such that it 
from Australia to London ™ ost conveniently placed with respect to the industrial 

The relatively short time in which these dramatic work schedule or the new time zone. It should be em- 
phase shifts are accomplished with the aid of bright phasized that the room used or sleeping should be dark 
light advantageously coincides with the time at which 50 andshield out environmental or artinc.al light source^ 
u B iil ™™"«6 j . __ t __ t :_i -lsnjr.oi utfl tv of the inventive method 
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the excessive sleeping (to compensate for sleep depnva- The potential clinical utility of the w 
tion) would etherise cease to provide symptomatic to rest human circadian phase ha^ been documented m 
relief, as described in the Background of the Invention. a follow-up case study of the elderly subject in panel B 
Thu methods of endogenous circadian pacemaker of FIG. 7 who was an extreme example of the phase 
phase shifting according to the present invention allow 55 advance of the circadian pacemaker which occurs with 
a viable eTtoent method for trknsmeridian travelers in advancing age. Panel B of FIG. 7 is a comparison of 
a variety of^enarios. Also, the endogenous circadian baseline and constant routine tem^rature da* (solid 
pacemaker phase shifting according to the present in- line) in a healthy, 66 year old woman. These data are 
vention allows viable treatment for shift workers in a superimposed upon normative (±S.E.M., vertical 
variety of rotating or otherwise unusual (from the point 60 hatch marks) temperature data collected frorn 29 
of view of a diurnal animal) work schedule. For exam- young, normal subjects on the same protocol. Data 
pie FIG 18 represents a simulation not only of west- from the normal controls are averaged with respect to a 
wd iavel^uTaTso of a delay shift in the timing of the nominal reference bedtime of 24:00. The black bar rep- 
sleep-wake cycle required of industrial workers when resents her bedrest episode which was scheduled at its 
maWngAe transition from day or evening shiftwork to 65 regular time Hatched bar represents «m£e 
night shift work. In the case of FIG. 18, it can be seen assessment of phase and mphtude. The encirc ed cross 
that the ECP minima are more strategically chosen so as marks the minimum of the fitted endogenous terapera- 
o be manned in the episodes of enforced darkness ture rhythm. Note that the ECP minimum occurred at 
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. 11, -35 p.m., approximately 5 hours earlier than would be days' lighting schedules with particular attention to the 
expected on the basis of the normative data. However, timing of bright light and darkness, 
this phase advance is not apparent during the night In order to best design the lighting schedule, one 
preceding the Constant Routine because of masking must have knowledge of the initial circadian phase of 
effects. The rhythm of Cortisol secretion was similarly 5 the person to be treated. This is best achieved by the 
phase advanced during her Constant Routine. Her previously described embodiment known as the Con- 
marked phase advance was confirmed on two subse- stant Routine. However, it would be acceptable in most 
quent repetitions of this protocol. This condition is cases to infer such phase based on comparisons made to 
often associated with the early bed and wake times the body of normative phase data such as is contained 
often found in the elderly. 10 within this specification, or in the literature in general. 

FIG. 21 shows a controlled study in which evening By subtracting the initial phase from the desired 
exposure to bright indoor light resets the circadian phase, the magnitude and direction of the required 
pacemaker of this subject by about six hours, even while phase shift is determined. Then, by interpolation of 
her rest-activity cycle is. held fixed. Symbols are as FIG, 11 or FIG. 1SB, the optimum time to begin the 
previously described with hatched bars indicating bed- 15 administration of a bright light pulse is determined. This 
rest episodes during ambulatory monitoring. Panel (A) ■ bright light pulse is approximately five hours in dura- 
Cupper left) shows ECP evaluations before and after' tion and has a dosage of approximately 7,000-12,000 lux 
entrainment schedule involving exposure to ordinary in a preferred embodiment. Light of half intensity may 
room light suggest a non-significant drift of the endoge- precede and follow this five-hour pulse for approxi- 
nous circadian pacemaker. Pane] (B) (upper right) 20 mately 35 minutes. 

shows a raster plot of body temperature troughs during By interpolation of FIG. 14 or FIG. 15B, the opti- 
contro! study. Horizontal black bars with stippling mum time to begin the dark (sleep) pulse is determined, 
highlight the specific times and days when body tem- The dark 4 pulse lasts from approximately six to nine 
perature was below the baseline entrained mean. Note . hours in a preferred embodiment. The retina of the eye 
the absence of a phase shift during exposure to ordinary 25 should be appropriately shielded from all light, 
room light in the laboratory. Panel (C) (lower left) At times not specified above, the person being treated 
shows ECP evaluations before and after entrainment should be exposed to light of normal indoor intensity 
schedule- as described in A, with the addition of an (ca. 100-500 lux), 

intervention stimulus with evening exposure to bright This lighting schedule is repeated for three days in a 
indoor light demonstrating a 5.7 hour phase delay shift 30 preferred embodiment. Upon completion of the regi- 
of the circadian pacemaker. Symbols as in (A). The men, the desired phase shift will have been achieved, 
subject was exposed to bright indoor light (7,000-12,000 FIG. 1 illustrates an example of an individual being 
lux) between 19:40 and 23:40 each day for seven days. phase advanced using this technique, by an amount of 
Fifteen minutes of intermediate level light (3,000-6,000 eastward travel equivalent to a trip from Seattle to 
lux) preceded and followed each four hour exposure. 35 London. Five hours of full bright light (7,000 to 12,000 
Panel (D) (lower right) shows a raster plot of body lux) exposure was initiated at 6;30 A.M. (with 15 minute 
temperature troughs before and during the intervention transitions of 3,000 to 6,000 lux preceding and following 
study confirming the magnitude of the phase delay shift the 5 hour full-bright light exposure), about 1.5 hours 
previously shown in (C). before his 8:00 A.M. ECP temperature minimum (as 

This. apparent phase shift was confirmed by a similar 40 determined by an initial Constant Routine in this case or 
shift in the rhythm of serum Cortisol (FIG. 22), another as could have been surmised from the approximately 
marker of the circadian pacemaker. To align the epi- 9:30 A.M. traditional wakertime of this young man 
sodic Cortisol secretory patterns before and after inven- using the normative data of FIG. 5). The individual's 
tion with bright indoor light, their horizontal time daily sleep episode was concurrently rescheduled from 
scales have been shifted by six hours. Blood- samples 45 his approximate habitual bed/dark time of 2:30 A.M. 
were collected while the subject was in ordinary room and his approximate habitual wake/lights-on time of 
light (50-250 lux) during Constant Routines performed about 9:30 A.M. to occur eight hours earlier from 5:30 
immediately before and after the intervention. The pat- P.M. to 1:30 A.M.; as if he had traveled from Seattle to 
tern after the intervention (open circles and dashed line) London. Follow-up ECP evaluation revealed that his 
have been translated six hours to the left along the pre- 50 temperature minimum had phase shifted eight hours, 
intervention axis (solid axis), thereby aligning the two This same type' of light/dark lighting schedules could 
waveforms. The plot shows that the intervention did also have been used to phase advance shift factory 
not change the shape of the pattern but phase delayed it workers rotating from a schedule requiring them to 
by approximately six hours. Furthermore, the data in work at night and sleep in the morning to one requiring 
Panel I indicate that the shift took place within the first 55 them to sleep at night and work during the day shift. 
1-2 days of the intervention and did not require the For such changes in sleep schedule required by rotating 
fully 7 days. shift work schedules, whether they rotate in a clock- 

wise or counter-clockwise direction of shift rotation, 
exposure of the shift workers to bright lights in the 
D workplace during the last 4-5 hours of the day shift 
Advancing circadian phase is desirable for eastward (from about 11:00 A.M. to 4:00 P.M.) may markedly 
jet travelers, shiftworkers who must advance their sleep enhance their adjustment to the schedule, raise their 
time to an earlier hour, and patients with an undesirably daytime alertness, efficiency and performance, improve ' 
delayed sleep phase (i.e., Delayed Sleep Phase Syn- their sleep at home and reduce their proneness for acci- 
drome, typically but not exclusively found in the 65 dents at work. The exact timing of light exposures to be 
young). used for rotating shift workers would depend on' the 

Phase advances of 2-11.5 hours have been achieved specifics of their work schedule, their working condi- 
in 2-3 days' time by appropriately structuring these tions (e.g., amount of exposure to outdoor light at 
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work), their average age and the amount of natural light practical for many travelers to expose themsel ves to 
to which they will be exposed to commuting to and pulses of bright light and darkness exactly as indicated, 
from work. Someone skilled in the art could draw upon the effectiveness of pulses of bright light and enforced 
the information in FIGS, 11, 14 and 15B, together— if darkness in shifting the EGP temperature minima are 
necessary— with the mathematical model described 5 clearly demonstrated, Variations on light/dark regi- 
below to develop a paradigm most suitable for the mens which are more practical, although perhaps not as 
employees concerned. An alternative strategy may be efficient, will become clearer upon an understanding of 
to reduce the circadian amplitude of shift workers via the principles expressed to the remainder of this disclo- 
timed exposure to bright light just prior to shift changes sure. Based on either empirically-derived phase re- 
transitions, thereby facilitating their adaptation. 10 sponse curves, or upon a mathematical model, the most 

FIG. 23 is a raster diagram similar to the raster dia- effective practical light/dark regimen may be designed 
gram of FIG. 18. FIG. 23, however, involves not only to fit within a schedule of predefined episodes of dark- 
phase delays, but also .phase advances. . ness and ordinary room illumination. 

As in FIG. 18, hollow horizontal bars indicate peri- For illustrative purposes, we give examples of hght- 
ods of wakefulness, and solid horizontal bars indicate IS ing schedules which will facilitate (1) a three-hour delay 
periods of enforced bedrest. At times 552, 554, 556, 558, shift, and (2) a ten-hour delay shift. Consideration has 
560, 562, and 564, Constant Routines were entered in been given both to experimental optimization and prac- 
order to' determine the time of occurrence of endoge- tical convenience. 

nous circadian pacemaker minima at 566, 568, 570, 572, FIG. 25 depicts a schedule, plotted m double raster 
574 576 and 578, respectively. At various points in this 20 format, which is optimally suited for achieving an ad- 
laboratory experiment; bright light pulses of 5-hour vance shift of approximately 3 hours. Such an advance 
duration were applied on three consecutive days at the would be typically required of travellers flying from, 
same time abdicated at 580, 582, 584, 586, and 588. for example, San Francisco to New York. This schedule 

The timing of application of bright light pulses, as utilizes a protocol which resets circadian. phase with 
well as the timing of periods of darkness, modified the 25 little effect on circadian amplitude (i.e., Type 1 reset- 
phase so as to cause controllable phase advances or ting). The first solid bar represents the individual's ha- 
£ elavs bitual sleep episode (typically occurring from 21:30 to 

During segment A, the subject was entrained to a 07:30). On the next day, which could be the day before 
24-hour cycle of darkness and light. During this period travel, bed time and wake time are moved an hour ear- 
of entrainmem, it can be seen that the ECP phase ad- 30 lier, and approximately 4-5 hours of bright light (at least 
vanced by 0 8 hours from 566 to 568, (It is unusual for 7,000-12,000 lux) are administered upon waking. On the 
a human subject to display an intrinsic period, t x of less following day, which could be the day of travel, bed 
than 24 hours.) During segments B and C, bright light time and wake time are moved an additional hour and a 
pulses were applied on three consecutive days, as indi- half earlier, and approximately 5-6 hours of bright light 
cated at 580 and 582, respectively. FIG. 23 clearly 35 are administered upon waking. It should be noted that, 
shows that the bright light pulse groups 580 and 528 to have the maximum beneficial effect the strength and 
occur substantially after the ECP temperature minima duration of bright light dosage will depend on the 
568 and 570, respectively, As a result of the timing of amount of light to which the person has been previously 
these bright light pulses, in conjunction with the ad- exposed during the day, If convenient, the bright light 
vancement of by approximately 8 hours of the darkness 40 could be administered while en route. This would be 
onset, ECP phase advances of 8.2 hours and 7.0 hours, ideal if the bright light could be administered aboard the 
respectively, were observed. aircraft on the nonstop daily morning flight from San 

Bright light pulse groups, each of 5-hour duration on Francisco to New York. Such light exposure could 
three consecutive days, were imposed as indicated at oecur via a specially equipped airplane fitted with a 
584, 586, and 588. These three bright light pulse groups 45 cabin with bright light or via the portable goggle units 
were timed to be substantially before the ECP minima described below. 

at 572, 574, and 576. The timing of these bright light A very similar protocol can be used to treat patients 

pulses, in conjunction with the phase delays indicated with Delayed Sleep Phase Syndrome (DSPS). F1<j. 
by the right shifting of the periods of enforced darkness 26 A illustrates the endogenous circadian phase of a 
in segments D E, and F, caused phase delays of 3.0 50 52-year-old woman with DSPS, a sleep scheduling dis- 
horns, 5.4 hours, and 4.5 hours, respectively. order characterized by sleep onset insomnia andexces- 

Referring to FIG. 24, the laboratory experiment re- sive daytime sleepiness m the early morning. I he pa- 
corded in FIG 23 can be thought of as simulating a tient was treated with three exposures of morning light, 
transmeridian trip of intercontinental dimensions. The without shifting the time of her scheduled sleep-wake 
segments B, C, D, E, and F shown in FIG. 23 corre- 55 cycle, to determine whether her circadian pacemaker 
spond to the simulated' phase shift which would be could be phase advanced to an earlier hour without 
advantageously experienced by a traveler with the itin- disrupting her habitual sleep time (the protocol is illus- 
erary illustrated in FIG. 24. The 8.2-hour and 7.0-hour trated in FIG. 27). After only three exposures to bright 
phase advances noted in segments B and C would be light, her circadian pacemaker was phase advanced by 
ideal adjustments to a person traveling from Boston to - 60 nearly 4 hours, to a position normal for a woman of her 
Nairobi, and then from Nairobi to Auckland. Similarly, age (see-FIGS. 26A, 26B, and 27), and the patient-vvho 
the phase delays of 3.0 hours, 5.4 hours, and 4.5 hours, had a greater than 5 year history of DSPS reported an 
would allow adjustment of people traveling from Auck- immediate remission from her debilitating symptoms 
land to Peking, and then onto Moscow and Greenland. which had interfered with her ability to carry out her 

While it should be recognized that it is not generally 65 profession. . . • 

desirable to experience the ECP temperature minima ' This approach has been reduced o practice in &e 
during the middle of the day time (which is the case in following example. FIG. 28A and FIG. 28B show the 
all the FIG. 23 ECP minima), and whereas it may not be output of the interna] body clock as measured during a 
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Constant Routine from a traveler just after returning minimum). Any other means of illumination other than 

from Tokyo to Boston (FIG. 29), before any treatment. a bank of lights in the bathroom thus lie within the 

Note that he reached the low point of his body tempera- contemplation of the invention. 

ture cycle (the time of greatest sleepiness, lowest per- Thus, the present invention envisions a method of 
formance and peak accident risk) at about 4:00 p.m. 5 entraining subjects to a wakeful daytime schedule and 
Boston time (lower horizontal axis, FIG.28A, 28B), and facilitating physiologic optimization to the daytime 
he would have ordinarily been asleep, as shown in FIG. schedule, the method comprising the steps of allowing 
30, which is a raster plot of his travel schedule during the subjects to awaken during a period of time imniedi- 
that time. But it was highly inappropriate for Boston, ately after the minima of their endogenous circadian 
where such a misalignment of phases made it difficult 10 pacemaker, and exposing the subjects to bright light in 
for him to remain awake during the local daytime with- a period of the time immediately after awaking, 
out using stimulants and difficult to sleep at night with- whereby the midpoint of the total overall light exposure 
out the use of sleeping pills. Instead, this traveler was resets the minima of their endogenous circadian pace- 
exposed to three daily pulses of bright light and his daily maker to an earlier time, whereby physiologic adapta- 
sleep episode was rescheduled to Boston time. Three 15 tion of the subjects to a morning wake time is facilitated, 
days after his return to Boston, when the effects on The degree of effectiveness of the method varies with 
sleep and daytime alertness of "jet lag" from time zone the length of time which the individual spends in a 
inversion are typically at their worst, his internal clock bright light environment, the phase of administration of • 
was instead completely reset by the. treatment, with the light (how close to the ECP minimum), the intensity of 
peak in his daily temperature cycle occurring where the 20 the light, and the number of light exposures. However, 
trough had been (FIG. 28B). He then felt fully alert any bright light early in the subjective day tends to 
during the local daytime and slept well at night, without phase-advance the ECP minimum at least to some ex- 
stimulants or hypnotics. This same process could be •■> tent, based on its effect on the brightness- weigh ted 
applied to make it easier for shift workers to adjust to midpoint of the total light exposure. This method thus 
~ -night work.-,: _; .. .. -.' . 25 allowing a tangible improvement in circadian .phase.-' 

Another of the applications of the present invention is adjustment while minimally encroaching on the individ- 

in aiding people on an "ordinary" daytime work sched- ual's normal daytime activities, 
ule who may experience some difficulty in awakening, 
or who may experience some "grogginess" (or other 
performance impairment) for some time after awaken- 30 

ing. Reduction in circadian amplitude is sometimes desir- 

This difficulty in awakening or early morning perfor- able in order to place the circadian timing system in a 

mance impairment may be due to the fact that, in a large more labile position, as would be desired when antici- 

number of individuals, the period of the circadian cycle pating a change in circadian phase. This procedure 

exceeds 24 hours. The fact that the length of the cycle 35 would be desirable for travelers crossing many time 

exceeds 24 hours causes an effective phase delay of the zones or the shift worker making a change in worktime. 

minimum of the endogenous circadian pacemaker from As circadian amplitude is sufficiently reduced, the cir- 

one day to the next. This phase delay is experienced as cadian timing system is correspondingly sensitized to a 

a depression in the alertness and performance level even single day's lighting cycle, Thus, travelers or workers 

if the individual awakens at the same clock time each 40 who intend to be exposed to the environmental lighting 

day, because the individual is awakening at an earlier schedule (or a regimen of indoor bright light- exposure 

subjective physiologic time (nearer the ECP minimum). designed to approximate environmentally available 

The effects of this phase delay can be counteracted by light) immediately upon assuming their new schedule 

resetting the ECP minimum to an earlier time in accor- could benefit greatly from a preparatory reduction in 

dance with the principles of the present invention. Be- 45 circadian amplitude. 

cause the- preferred embodiments of the present ihven- There is a range of amplitude reduction which can be 

tion operate based on a brightness-weighted midpoint of achieved using specifically timed regimens, which opti- 

total exposure to light, and because the phase-shifting mally include both episodes of darkness and episodes of 

sensitivity of the circadian system is greatest when near- bright light exposure. It is possible to effectively reduce 

est to the ECP minimum, a preferred application of the 50 circadian amplitude to zero in two days of scheduled 

present invention involves the application of a bright light exposure. 

light "pulse" immediately (or soon) after awakening to In order to best design the lighting schedule, one 
contribute to a phase advance of the ECP minimum. must have knowledge of the initial circadian phase of 
The pulse of bright light is best embodied in an appli- the person to be treated. This is best achieved by the 
cation of light in a room where the individual spends his 55 previously described embodiment known as the Con- 
first time period after awakening, usually (but not neces- slant Routine. However, it would be acceptable in most 
sarily) in the bedroom (e.g., via a luminous, rather than cases to infer such phase based on comparisons made to 
an auditory, alarm clock), or in the bathroom. The the body of normative phase data such as is contained 
placement of a panel of bright lights in or above the within this specification, or in the literature in general, 
headboard of the bed or next to the bed or in the bath- 60 The optimal lighting schedule in order to effect am- 
room or shower has the economic advantage that a plirude reduction is one in which bright light (ca. 
relatively small number of lights are necessary to 7,000-12,000 lux) of approximately six hours' duration is 
achieve the desired, level of illumination, due to the centered around the time of the endogenous tempera- 
small size of the bathroom compared with other rooms ture minimum .as determined by the embodiment of the 
in the house. Of course, all that is physiologically neces- 65 Constant Routine or normative data. A seven-to-eight- 
sary is that the desired level of illumination is experi- hour episode of absolute darkness (sleep) ideally should 
enced as soon after awakening as possible (assuming the be placed in a position such that the midpoint of the 
normal case, that the time of awakening is after the ECP dark episode is 1 80° (12 hours) from the midpoint of the 
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bright light exposure. This regimen is repeated for two In all three cases, the subjects' daily exposure to ultra- 
days in the preferred embodiment. violet light during the trials was well within the safety 

Slight modifications in the timing of the light or dark guidelines for permissible ultraviolet light exposure 
stimulus will result in a partial attenuation of amplitude, established by the American Conference of Govern- 
most likely with an attendant alteration in phase. If this 5 mental Industrial Hygienists and the U.S. Army and 
schedule were substantially altered or inverted, one recommended by NIOSH (Documentation of the Thresh- 
could expect an increase in circadian amplitude, if am- old Limit Values. and Biological Exposure Indices, Fifth 
plitude were initially at a nominal or sub-nominal value. Edition (American Conference of Governmental Indus- 

FIG. 31 illustrates the actual measured core body trial Hygienists, Inc., Cincinnati, 1986); D. H. SLiney, 
temperature of a human subject as a function of time. 10 Am J Optom Physiol Opt 60, 278 (1983); National Insti- 
The subject underwent Constant Routines beginning at tute for Occupational Safety and Health, Criteria for a 
times indicates by 1402 and 1408. Between these two Recommended Standard, Occupational Exposure to UI- 
Constant Routines, however, two bright light episodes traviolet Radiation (National Technical Information 
indicated as 1404 and 1406, were imposed. Service, Rockville, Md., 1972, Government Publication 

An amplitude reduction to near zero is shown at 15 Number PB-214 268)). 
1410, after the commencement of the second Constant As an additional safety measure, all of our subjects 
Routine. After time 1410, the peak-to-peak amplitude of now wear coated polycarbonate ultraviolet-excluding 
the endogenous circadian pacemaker, as measured by clear Ultra-spec (2000 safety glasses with 4C coating 
the fitted core body temperature variation was reduced ■ (Uvex Winter Optical, Inc., Smithfield, R.I.) through- 
from 2-3° F. to a level below detection. 20 out exposures to bright light. Given the negligible level 

As particular examples of lights used during experi- of ultraviolet light to which our subjects are now ex- 
ments, during light exposure (7,000-12,000 lux, compa- posed, we conclude that UV light exposure is not re- 
rable in intensity to natural sunlight just after dawn), sponsible for the phase resetting we have-observed. 
each object wm seated, facing a bank of lamps anc 1 Orcadian Amplitude Using Experimental., 

instructed to look directly at them for 5 minutes out of 25 " Data 

every 10. Reported light intensities are based on illumi- 
nance measurements recorded at 5-minute intervals Increasing circadian amplitude is desirable in those 
from research photometers (International Light, New- individuals who are or wish to be stably, entrained to a 
buryport, Mass.) using a detector with a photopic spec- schedule to which they are already phase aligned. By 
tral bias and a cosine angular response placed at the 30 increasing circadian amplitude, the circadian timing 
forehead and directed toward the line of gaze. system is made more resistant to perturbations. Such an 

The bright light was provided by one of the follow- increase in amplitude may benefit a straight night shift 



ing: 



worker who wishes to be entrained to the night sched- 



(1) A wall-mounted bank of 60-80 8-foDt, 96-watt ule, yet on weekends tends to alter his schedule to facili- 
ion-gard F96TH12 Vitalite wide-spectrum fluorescent 35 tate his social life. Likewise, the straight day worker 
lamps (Duro-test Corp., North Bergen, N.J.), separated whose amplitude was increased could better tolerate a 
from the subject by floor-to-ceiling panels of either a few late weekend nights and still be prepared for work 
0.25 inch thick sheet of clear plexiglass or two 0.125 early Monday morning. Thus, it is conceivable that 
inch thick sheets of clear glass separated by a layer of augmented morning light exposure, either through ap- 
polyvinylbutyl plastic (laminated safety glass): 40 pliances in the home or work place, or by way of a 

(2) A bank of 60-80 8-foot, 60-watt portable device on the way to "work, will improve daily 
F96T12/CW/EW cool-white econo-watt fluorescent alertness, performance and memory, which are known 
lamps (North American Phillips Lighting Corp., to fluctuate with the core body temperature cycle. (See 
Bloomfield, N.J.), separated from the subject by floor- Czeisler, C. A., Kennedy, W. A., Allan, J. S., "Circa- 
to-ceiling panels as described above; or 45 dian Rhythms and Performance Decrements in the 

(3) A portable bank of 16 4-foot, 40- watt lamps, either Transportation Industry." Proceedings of a Workshop on 
wide-spectrum vitalities or cool-whites, separated from the Effects of Automation on Operator Performance, Co- 
the subject by a wire-mesh screen. blenz, A. M., ed., Commission des Communautes Euro- 

In our studies, the phase.shifts induced by exposure to peennes, Programme de Recherche Midicale et de 
these different light sources have been equivalent for a 50 Sante Publique, Universite Rene Descartes: Paris, 1986, 
given level of illuminance (as measured in lux or foot-' pp. 146-171.) 

candles), perhaps indicating the level of illuminance, as There is a range of amplitude augmentation which 
such, may be the critical factor affecting circadian can be achieved using specifically timed regimens, 
phase shifting. Of course, the present invention contem- which optimally include both periods of darkness and 
plates that further optimizations of light protocols ac- 55 periods of bright light exposure. It is possible to effec- 
cording to the present invention may include some tively increase circadian amplitude in one Dr two days 
emphasis on light of different regions in the spectrum: of scheduled light exposure. 

Indeed, the potential social obtrusiveness of certain In order to best design the lighting schedule, one 
bright lights may motivate research to conclude that must have knowledge of the initial circadian phase of 
only certain colors of light, or even light beyond the 60 the person to be treated. This is best achieved by the 
visible spectrum, may be effectively employed without previously described embodiment known as the Con- 
drawing so much attention to the subject as bright stant Routine. However, it would be acceptable in most- 
white lights. Furthermore, ceiling mounted lights may cases to infer such phase based on comparisons made to 
be calibrated in brightness to consider the overall reflec- the body of normative phase data such as is contained 
tance of walls, floors, ceilings, and other surfaces to 65 within this specification or in the literature in general, 
deliver the proper intensity of light to the retina to The optimal lighting schedule in order to effect am- 

accomplish the desired phase shifting or ' amplitude plitude augmentation is one in which bright light (ca. 
modification contemplated by the present invention. 7,000-12,000 lux) of approximately four to six hours' 
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duration is diametrically opposed to the time of the range 23.6St^25.6 with 24.6 as the representative 

endogenous temperature minimum as determined by the value. 

embodiment of the Constant Routine or normative data. For most people in the age range 5 to 55 years, sleep 
A seven-to-eight-hour period of absolute darkness occurs in a single consolidated episode each 24 hour 
(sleep) ideally should be centered around the endoge- 5 day. In the laboratory paradigm of "free run" (self- 
nous temperature minimum. Bright light exposure in the selected sleep and wake) the sleep/wake cycle time for 
morning or evening can also enhance endogenous circa- young adults is typically in the 25 to 26h range. About 
dian amplitude. This regimen may be applied chroni- 30% of free run experiments lead spontaneously to 
cally, if desired, as the amplitude of the circadian timing internal desynchrony in which the sleep/wake cycle 
system over several weeks' time will slowly return to a 10 time exceeds 30 hours (ranging up to 50 hrs) while the 
nominal value following an amplitude perturbation, core body temperature rhythm proceeds at about 24.5h. 

The left panel of FIG, 32 shows a pre-intervention We ascribe these separate rhythms to distinct rhythm 

Constant Routine assessment of the endogenous circa- generators: y for the labile sleep/wake process and x for 

dian temperature rhythm of a normal male subject. The the "deep circadian pacemaker". In synchronized free 

right panel shows the result of the post-intervention 15 run the interactions between y and x produce mutual 

phase and amplitude assessment following seven days of entrainment, and since the compromise cycle time, t, is 

morning bright light exposure (4 hours per day). Note biased strongly toward r,, it follows that the action of y 

that there is little change in the phase of the endogenous on x is only about 25% of the action of x on y.' 

temperature cycle minimum; however, there is a In our proposed dual oscillator model, (see R. E. 

marked increase of the amplitude of the rhythm. 20 Kronauer et al., "Mathematical Mode! of the Human 

Slight modifications in the timing of the light or dark Circadian ' System with Two Interacting Oscillators,' ' 

stimulus will result in a partial augmentation of ampli- [Am. Journal of Physiology, Vol. 242, pp. R3-R17, 

tude, most likely with an attendant alteration in phase. 1982,- hereby incorporated by reference) x and y are 

If this schedule were substantially altered or inverted, -•• distinct van der Pol oscillators coupled via linear 

one could expect a decrease in circadian amplitude, if 25 velocity-dependent terms. With a revised amplitude 

amplitude were initially at a nominal or supra-nominal scaling the model is: 
value. 

5. Theoretical (Model-Based) Foundation for the W-rTi 1 -— + - 13 (-' + * x ^~% %~ + <IA) 

Inventive Techniques to Modify Circadian Phase and 30 

Amplitude , dlt 

The endogenous (deep) circadian pacemaker, hereaf- 

ter designated as "the x oscillator," or simply "x," may , 2 „ . , 

be modelled mathematically by a second-order differen- O^) 2 — + .HK-i + 4c 2 ) — ~ + 
tial equation of the van der Pol type, specifically: 35 

(24/t,)2;.= ,1602/tt)-^- 

+ M-l + T7- + < 2Vt *' 5 * = F * ( " 

°'~ Environmental influences readily affect the y process 

40 directly. Laboratory experiments in which light level 

In the absence of any forcing function, F*, x will have was uniform throughout waking hours indicated ambig- 

an approximately sinusoidal waveform with an ampli- uously that jjn pose d time shifts acted .upon the x process 

tude of 1 (that is, the full excursion of x from a maxi- ^ though they came via y in this model structure, 

mum of + 1. to a minimum of - 1 will be 2). There are two alternative explanations for this appar- 

The forcing function, F», consists of two effects. The 45 mX act i on . The first is that sleep and wake directly 

dominant effect is that of the light to which the retina is influence the x pacemaker (known to reside in the su- 

exposed. The secondary effect is due to endogenous prachiasmatic nuclei) thru internal mechanisms (e.g. 

internal influences of the activity-rest pattern. hormones). The second follows from the turning off and 

In the form given above, time t is measured in clock on of ambient light in precise synchrony with the 

hours. The parameter u-^is the "stiffness" of the x oscil- 50 sleep/wake timing. If the cyclic modulation of light is 

lator and for normal humans is expected to be in the influencing x, it would appear exactly like a direct y-to- 

range 0.05S/i,S0.15 with 0.1 as the representative x influence. A quantitative comparison of the ability of 

value. The estimate of 0.1 for fi, was originally chosen laboratory .light cycles to entrain x with the inability of 

as a trial value by analogy with the value of fiy (the the sleep/wake cycle to entrain x in blind subjects tells 

internal "stiffness" of the y oscillator) of our dual oscil- 55 us that room light represents over 70% of the entrain- 

lator model of the human circadian timing system men t effect in sighted persons and well over 90% when 

which has been validated by earlier experimentation light is increased to a few thousand lux. Consequently, 

characterizing a phenomenon called phase trapping. we will consider the effects of light on x first. 

Our experimental success in manipulating the amplitude A standard measure of the illuminance of the scene on 
of the oscillatory output implies that u^is very unlikely 60 which a human observer gazes is the foot-candle or the 

to be larger than 0.15, and certainly not larger than 0.2. lux, This measure differs from the total light power on 

An oscillator with an internal stiffness coefficient less the visible spectrum since it is weighted by photopic 

than 0.03 would be unreasonably susceptible to external luminosity function. That is, those portions of the visi- 

influences and therefore physiologically incompatible ble spectrum to which the visual system is more sensi- 
with the observed robustness of the endogenous circa- 65 tive are-more heavily weighted. In formula 2, below, I 

dian ("x") oscillator sensitive in this context. The pa- denotes the illuminance of the scene of gaze (averaged 

rameter ^represents the intrinsic period of the x oscil- over all of the directions of gate encompassed by the 

lator and for normal humans is expected to be in the retina). B denotes the subjective brightness which an 
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observer associates with I. Stevens, Science, Vol, 133, consequently suggests a post-receptor v 
pp. 80-86 (1961), has shown that over a wide range of tem sensitivity. 
I (about 6 log units), B is related to I by: We have reported enhanced sensitivity of the human 

" ' circadian pacemaker to bright, light applied at night. 

B=cl! (2) 5 The effect of circadian modulation of this sensitivity to 

light is most simply accomplished by redefining bright- 
where c is constant to be determined. The forcing func- ness: = 
tion due to light actions on the retina is taken to be 

B~(l-»a)Cll (2A) 

(FJughi = » (e* 1 ) ® where m is a "modulation index" (m= J corresponds to 
perceptual data). 

This representation is a novel embodiment of three The second order differential equation 
hypotheses: (1) subjectively assessed brightness is the 

appropriate measure of the effect of light on the circa- 15 (Fx)i aM y =-#- 

dian pacemaker, (2) the x oscillator responds predomi- e " 

nantly to changes of brightness and ^^J* * 2 . dil „e„ s io„al phase space for its representa- 

sustamed or average brightness, and (3) the bnghtness ^ MatheinaticallVi a s P econd £ rder equatio £ „ a] - 

coeff.cient, c, may depend on the time (i.e. phase) i of the ^ convsned to a pair of coupled first order equa- 

circadian cycle at which it is measured (and conse- ^ ^ ^ ^ » fa ^ 

quently c has been placed inside the time-denvat.ve ^ ^ ^ tnmsfonnation of (4) t0 „ first order set is 

operator). t ^que. v/e choose a transformation proposed by • 

The exponent, j is substantially valid over a wide ^ French Mathemati ^ iall l ; 

" range of I. It is to be understood that exponents in. a ... .... .__ ..■:_•„- ■ - - 

range about J (such as 1/6 -i) are within the contempla- 
tion of the present invention, as are differing exponents Jx / 4jc2 \ 
for different ranges of I (for example in extremely bright Wv) — = x c + M {* - -5- ) 
or extremely dim environments). 

The coefficient c which is appropriate for normal 3Q q Xc _ {w i x (IE) 

human subject during ordinary waking hours and when ^ n/v ~> dt '~ ~ t x 
I is measured in lux is in the range 0.05Sc§0.1 with 

c=0.069, for instance, as a representative value. The This transformation is not simply cosmetic. Rather it 

value for c is chosen on the basis of laboratory expert- conveys several fundamental truths. One truth is that 
ments conducted in ordinary room light in which en- 3S the basic variable, x, has an associated "complemen- 

trainrnent occurred to an imposed period differing from tary" variable, x^, which has an equal claim to "basic- 

7>by ±1.0-1.3 hours, (and the exposure to this light ness ", a second truth is that the differentiation of B 

occurred principally during ordinary waking phases of which appears in eq. (1C) gives a misleading idea that 

the x cycle); and on the basis of the observation that on ly changes of brightness affect the x oscillator. In fact 
blind subjects cannot entrain to periods which differ 40 eq , (ID) shows that B (not its time derivative) affects 

from TVcby 0^4 hours. If the time history ofiight (includ- the derivative of x and that changes in x are due to an 

ing darkness, .which is the absence of light) to which the integration of B over time. Simply stated, the effects of 

retina is exposed is specified in lux, as l(t), then applica- B on x are cumulative in this model, 

tion of equation (3) gives the light-component of the * w»h AmT,lit.,rie 

forcing function, F x , suitable for use in equation (1). 45 Altered 

Since brightness is the surrogate for y in the second The amplitude of the x rhythm is conveniently de- 
explanation for the action of y on x, we rewrite (1 A) as: fined as; 

-4x-(*V)i 

(u/ ,ji.f*. + . 13( _ i + te 1 )-^ 2 j- + (1C> 50 Light can alter the amplitude as well as the phase of 

di 2 it 1 x . For example, when Ught is applied to x near its. mini- 

iB mum (which corresponds to the phase of endogeneous 
(24/0 x ~ (l2/f)-3r- temperature minimum, or about 0400 under ordinary 
55 conditions) the resulting increase in x acts to decrease 
Measurements of electrical activity in the retina in- | x | and hence to decrease A*. Although the van der Pol 
' duced by light (electroretinogram, ERG) show circa- oscillator proceeds to restore its amplitude back toward 
dian variations, particularly in the "B wave". Psycho- the reference value A*=l, the restoration takes time 
physical data shown comparable variations in percep- (several daily cycles) to be complete, 
tual sensitivity, with sensitivity being twice as high at 60 Through stimulus repetition on successive days the 
0400 as at 1600. The data of R. Knoerchen and G. Hil- cumulative change in A x can be made large enough to 
debrandt, J. Interdisc Cycle Res 7, 51 (1976) on the abso- ' reduce A x essentially to zero. This is the fundamental 
lute sensitivity of the human visual system show that the process underlying "type 0" resetting which we have 
sensitivity is about twice as high when x is at its mini- demonstrated with 3 successive exposures to 5h epi- 
mum (approximately 3 AM to 4 AM in normally en- 65 sodes of 10,000 lux. 

trained young adults) than when x is at its maximum (3 Although "type 0" resetting necessarily implies the 
PM to 4 PM) This result applies equally to cone- ability to drive an oscillator to (and through) the zero- 
mediated sensitivity and rod-mediated sensitivity and amplitude condition we have undertaken to demon- 
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strate the attainment of zero amplitude experimentally. shifting phase forward at about 0800 and backward at 

Two exposures of 10,000 lux for 5.5h on successive days about 2400, 

have proven to be a stimulus of correct strength, but the As metioned above, the data of R. Knoerchen and G. 

timing of this stimulus has proven to be extremely criti- Hildebrandt, J. Interdisc Cycle Res 7, 51 (1976) on the 

cal. Nevertheless we have been able to reduce the am- 5 absolute sensitivity of the human visual system shown 

plitude of the endogenous temperature rhythm in 2 that the sensitivity is about twice as high when x is at its 

subjects to less than 16% of their ordinary amplitude, minimum (approximately 3 AM to 4 AM in normally 

and in another 6 subjects to less than 32%. entrained young adults) than when x is at its maximum 

The second effect of light ,„ < 3 PM t0 4 ^ This result a PP lies e 9 uallv t0 cone " 

lu mediated sensitivity and rod-mediated sensitivity and 
By exposing subjects, whose amplitude has been consequently suggests a post-receptor variation in sys- 
greatly reduced, to additional single 6h episodes of tenj sensitivity. The measured circadian sensitivity vari- 
10,000 lux we have discovered, and have come to un- ation can ^ represented approximately by a cosine 
derstand in model terms, the basis for the criticality of function . since x is also a cosine function c may be 
stimulus timing (i.e. the property of x which is responsi- 15 adequate]y represented by 
ble for the difficulty in reducing amplitude very close to 
zero). Simply stated, the complementary variable x c , c=o-fcc 
also responds to light; something which we had not 

anticipated. This action of light is to "repel" x c away where the data of Knoerchen and- Hildebrandt imply 
from x r =0. The effect can be incorporated int eq. (IE) 20 b=a/3. Our fitting of human phase response data gives 
tlms: a preliminary estimate of b=2a/3. There is no physio- 

„ ■ logical requirement that these two sensitivity variations 

d*c _ Q4fe _ ( IF ) be exactly the same since they have different neural 

- dr ~- -r x ^ pathways. The circadian data, as further refined, are the" -'■ 

definitive ones. We interpret a to correspond to the 
As eq. (IF) shows, this additional effect is remarkably value of c deduced above from entrainment limit expert- 
strong since brightness enters eq. (IF) with the same ments (for instance, a=0.065). 

strength which it exerts in eq. (ID). The endogenous, non-light forcing function onto the 

Equations (ID) and (IF) are now the constitutive 3Q x oscillator is included in the model by an activity func- 
equations for the deep circadian pacemaker. They de- tion G(t) which takes on the value 0 during sleep and a 
scribe both the intrinsic self-sustaining properties of the constant value G„ during wakefulness. The activity 
van der Pol system and the forcing effects of light forcing function is: 
(whatever the amplitude and phase of x at which light is 
applied). To understand how light works, it is conve- ^ 
nient to consider a .brief, strong episode; in particular, C^Wn'tp = -gp 

2b of 10,000 lux. 

For short times the equations (ID) and (IF) can be sinoe G(t) tokes on only two values> 0 or G and the 
integrated by holding the variables on. the right s.de transitions between them ^ p i ace relatively abruptly 
constant during the integration. The changes produced in ti derivative is singu]ar at each transition 

by light can be sorted out separately: and is represented roathematicaI i y as a "6-function." 

When the transition is from sleep to wakefulness, the 
tx - B Ui = C(] - mx)li A; 8-function has the strength G 0 ; when the transition is 

from wakefulness to sleep the 6-function has the 
i i2i_p, a r 2 . «•! _^ri a, 45 strength -G 0 . For normal human subjects 

A* c = , 2 AfA/-- g-jfccp -veWLt 0.03SG o ^0.15 with G 0 =0.06 as the representative 

value which is compatible with the entrainment data of 
where x and x r values correspond to the center of the blind subjects. In circumstances where sleep is associ- 
brief episode. The parameter values are: ated whh darlc episodes, it j s poss ible to infer G(t) from 

50 the temporal pattern of light and dark and so its effect 
c = »(.069) = .018 m = 1/3 1 = 10 ooo At = 2h on x beo ° me s mingled with direct effects of light on x. 

12 ' ' Totally blind subjects display clearly the effects of G(t), 

SOi since the direct effect of light is absent. Since in normal, 

sighted persons the effect of A is much smaller than 
• tuc = .200 - 1/3), A* c = .20xj.i - jc/3). 55 ordinary environmental light effects, it is difficult to 

estimate this effect accurately. 
FIG. 41 shows Ax and Ax c (in vector form) for a with the descriptions given, a complete solution for 
variety of reference (x,x c ) points (i.e., x and Xe corre- x ( t ) can be generated computationally by an integration 
spending to the midpoint of bright episodes). For con- procedure such as the Runge-Kutta method from equa- 
vemence the nominal A*=l circle is indicated and 60 tion 1 if, at some initializing time, values for x and dx/dt 
clock hours corresponding to the normal person's en- • ^ ^signed and ^ subsequent temporal patterns of 
trained state have been shown. G(t) and B(t) are speaSM , ^ forcing funotion Vx is 

The divergence of the vector field away from Xc=0 represented M the smn of ^ tw0 components: 
shows graphically how difficult it is to dnve x to the 
zero-amplitude "target" (x=0, x c =0). We see also that 65 

light acts generally to enhance amplitude. The ability of F * = (FJ '«*< + ^""W <*) 

light to shift phase ofx is almost nil for clock hours from or 
about 1200 to 2000. Bright episodes arc most effective in 



(4) 
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, thus incorporates not only the circadian phase, but also 

jb_ dc " the level of retinal/visual sensitivity. 

Fl = di + di Endogenous circadian rhythms have been reported in 

diverse functions of the visual system in a wide array of 
Assuming that the light is within normal environmental 5 spec j eS) including human visual sensitivity (R. Knoerc- 
ranges and that sleep episodes are regularly used, as hen and Gi Hildebrandt, / interdisc Cycle res 7, 51 
time proceeds, the solution X(t) will depend progres- (1976)). While considerable evidence indicates that in 
sively less and less on the specific initial conditions some species the eyes con tain a circadian oscillator (G. 
assigned. D . Block and S. F, Wallace, Science 217, 155 (1982); T. 

Mathematical Representation of Human Circadian . 10 L. Page, Science 216, 73 (1982); M. Terman and J. Ter- 
Phase Resetting Data man, Ann NY Acad Sci 453, 147 (1985)), an optic nerve 

. . ... - t . nT transection study in mammals suggests that that oscilla- 

To summarize data found m studies of the effects of synoh roni 2 ed to the light-dark cycle via its neural 

light on c read an rhythms, a mathematical representa- tor rT *™i *™ ~ . L^,. ™t h,, t\>* 

on characterized by relatively few parameters approx- 15 connections to the antral nerve™ ^ystems, not by the 
imates our understanding of essential circadian pace- direct exposure of the eye to light CP. S. Te.rste n A 1. 
maker properties. Based on a demonstration of a direct Goldman and P..J, O'Bnen, Invest Opthalmol VtsSa 19, 
action of light on that pacemaker, the preferred mathe- 1268 (1980)). 

matical mode] for the effect of light on the human circa- In the preferred model, the sum, (a-f b), represents 
dian pacemaker may be represented as a van der Pol 20 the sensitivity to the stimulus when applied at 4>,-=0 
oscillator. at ECPmf„), while (a -b) represents the sensitivity 

When stimuli are extended in time, the intrinsic ten- to the stimulus when applied at 4>=12. Therefore, the 
■dency of such a van der Pol oscillator to revert it to its ratio (a-b)/(a+b)=0.22 derived from the parameter 
. normal amplitude would ordinarily act cumulatively to estimation (given with, respect to panel C) implie'. a . 
opposite stimulus-induced changes. However, if the 25 substantial reduction of circadian sensitivity to light - *"! '" 
oscillator's resiliency is weak (i.e., its "stiffness" is low), 4,7=12 hours (relative clock hour 17:00). More data 
then even an extended time stimulus can be approxi- would be desirable in the band 9<4>/<21 to estimate 
mated as an equivalent impulsive stimulus. t j,i s ra tio precisely. These data are consistent with re- 

Under such conditions (a low stiffness oscillator), the ported circadian variations in visual sensitivity which, 
asymptotic form achieved by this model (in the limit of 30 sonie have argued) ^ be driven by an oscillator in the 
weak stiffness) can be represented as: eye itself. 

6. Phase and Amplitude Modification Using Theoretical 
P sin[C2ir/24X<fr.- - -Ml 1 (Model-Based) Foundations 

+ J-**™*-** J 35 a . AppIicationoftheModenoaSingleBrightorDark 

where small deviations of intrinsic circadian period Episode 
from 24 hours are accommodated by the phase shifts, a The objective in the application explained here is to 
and 4> c , and the parameter b represents a modulation of make a quantitative assessment of the effects on the 
the effectiveness of light depending on the circadian 40 endogenous, circadian (x) oscillator of a specific inter- 
phase of its application. vention in which the light level is altered. For example, 
Using non-linear least squares, the mathematical rep- what wou i d be the effect on a passenger during a flight 
resentation in the mathematical model according to the of six h ours > dura tion in which the average cabin illumi- 
preferred embodiment of the present invention was fit nation was maintained at 10,000 lux rather than the 
to the data in FIG. 15B, Panel C, and the was projected 45 customary low leve i whioh i s assumed to be 30 lux? 
onto FIG. 15B, Panels A and B. As shown by the solid According t0 equation (2), taking C to have a represen- 
line in FIG. 15B, the data are well described by this £° c0 J \ \ the B two B levds t0 be 
four-parameter representation. The standard error of 4y wl,vc 

in the preferred model, based on these particular results, Mghi; £ =0 ,o65'<io,ooo)j= 1.40 

is 1.99 hours, which is comparable to the observed error .50 

in a similar model of phase resetting to light in Drosoph- low . b=o.065«(30)!=0.20 

ila pseudoobscura. The squared multiple correlation 

coefficient R 2 is 0.88 for data as plotted on the phase ThuS) for the g^hour flight B is increased by an amount 
response curve of FIG. 15B, panel A, and is 0.73 for the dg]ta B = 1.20, Since B is assumed to be essentially con- 
data plotted on the phase resetting curve in panel C of 55 for thg six hourSj dB/dt is zer0 except a t the begin- 
FIG. 15B (where the ordinate is restricted to a nar- ^ m& ^ Qf ±e flight At the beginning dB/dt has a 
rower range) a ^ m , t ; 8-function of strength delta B and at the end dB/dt has 

These findings are consistent with similar mathemati- B . function of streEgth _ de ita B. All other aspects of 
cal representations of circadian phase _resettmg in which dafk ra , ttern are 

the light stimulus acts Mmp u khely on the osc.l ator, alter- 60 * J un * hanged . ^ response of the differential 
• ffAtiS^SSffi : q uation(l)toa 8 -fu g nctionofstr P e ng thdeltaBistohave 
stimulus strength). However, based on data from both an abrupt increase of 
animal and human studies, the preferred model includes 
parameters to account for the possibility that the effec- 65 _n_ jx_ 
tiveness of the light stimulus may be modulated as the n dt 

cosine of circadian phase, due in part to circadian varia- 
tions in retinal/visual sensitivity. The preferred model by an amount 
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Suppose that this light episode is given a person on an 
„ eastbound flight which leaves California at 0900 and 

12 ddta B arrives in New York at 1500 (California time).If the 

person is a typical young male adult with the minimum 
Let ti be the time in clock hours after the minimum of x 5 of x (as displayed by endogeneous core body tempera- 
at which the 8-function of strength delta B is applied, ture) at 0600 California rime, then ti=3h and t2=9h so 
then 15t j is the phase angle in degrees (after the mini- 15(ti+t2)/2=90° and the phase advance is seen to be 
mum of x) at which it is applied. The abrupt increase in 1.7h. Thus, this acute light treatment will provide about 
dx/dt will produce an abrupt change in the phase of x 60% of the required phase advance from California to 
by an advance shift of 10 New York. 

Suppose next that this exposure is given to a person 
„ flying westward from New York, departing New York 

IT delul B 005 (15,|) at 1800 and arriving in California at 2400 (New York 

time). If this person's rninimum of x is at 0600 (New 
radians, assuming that the x oscillator is at its reference I 5 York time), the typical value, then ti=12 and t2=18 so 
amplitude of unity. It will also produce a change of 15(t|+t2)/2=225° and the phase shift is seen to be —1.2 
amplitude of amount h (actually a phase delay of 1.2 h), which is 40% of the 

delay required for the New York to California trip. 
Both of these examples involve the increase of bright- 
1T deta B sin (I5/)) 20 ness during the episode. The formulae (7) can be applied 

equally well to situations where light is reduced, simply 
These are the phase and amplitude responses to elemen- by allowing the change delta B to be negative. Thus, 
tary impulsive stimuli (abrupt change of light). If the suppose that a subject is shielded from light (of say, 
■- negative 8-function is applied at-time-t2 (after the mini- -: 10,000 lux) to which he/she is ordinarily exposed and 
mum of x), it will produce an advance phase shift of 25 kept in a totally darkened room for 4 h: 

bright; 5-0.065x(10,000)l« 1.40 

dark:S=0 

30 

Then delta B= — 1.40. Since t 2 -tj=4h, 
sin(15(t2-ti)/2=0.5 and 



delta S cos (15/ 2 ) 

radians and an amplitude change of 



- deha B sin (15f 2 ) 

The entire bright episode provides a change which is 35 Phase shift = -1.40 (tt/6) (.5) sin (l5(n + r 2 )/2) 
the sum of these two: (radians) 

If, as assumed before, the minimum of x is at 0600 and 
Phase advance (radians) =-^- ddta'B [cos (I5ii) -cos (I5r2)] the dark episode is centered about 1200, 
40 15(t]+t 2 )/2=90° and we have 

Trigonometric identities permit them to be rewritten 

Phase shift = -.37 radians 

Phase advance (radians) = (7) -1.4A (.*i phase delay) 

45 

w f 15 (;■> + ri) 15 (ij - rt) "1 In summary, formulae (7) permit the calculation of 

2 delta B [_sin =j sin j J p hase and amp i itude effects Q f an y specific brightness 

intervention which is essentially constant over the dura- 
Ampiimde change = tion of the intervention episode. It is necessary to spec- 
50 ify both the imposed brightness and the brightness 
f 15 ('2 + ri) 15 (n - ']) 1 which it replaces in order to calculate the effects, 
rr-2delta.B sin j sin j 

L J b. Application of the model to extended multiple 

exposure light and dark protocols 

These are the phase and amplitude responses for a , , , , 

bright episode of duration t 2 -t, centered at a time 55 As the previous examples show, single episodes of 
(tj+t2)/2 reasonable brightness change lasting for reasonable 

For the specific example of the six-hour plane flight, durations can produce significant phase and amplitude 
since t2-ti=6h, sin 15 (t 2 -ti)/2=sin 45"=0.707, it changes, but less than are required for many common 
follows that applications (for example, a 6h phase advance from 

60 N.Y. to Paris, or an 8.h phase advance for a change of 
working shift). There is, therefore, an need for stronger 
v ,, «_.,__ . 15 (>i 4 - 12) effects and a need to program light and dark temporal 

phase advance = T (1.20)(.707)s,n = pattems for ^^/^ To reduc£ somewha ? the 

44 • 15 C' + 'z> d . multitude of options, we will present the analysis for 

' 2 ra lans 65 protocols which are cyclic with a 24h cycle time. That 

_ . 15 (i) + 12) is, we will consider the effects of light/dark temporal 

_ 1.7 sin j hours patterns which are specified for 0St^24 and repeated 

on a 24h basis some integral number of times. 
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It was discovered that the strength of the phase-shift- (1) The magnitude of the stimulus vector; 
ing drive is roughly proportional to the cube root of the (2) The phase of the stimulus vector, t,, for the first 
illuminance, in lux. Thus, the earlier assumption by cycle of stimulus application; and 

Lewy et al.— that any light of less than a 500-lux thresh- (3) The number of stimulus cycles, N. 
old could be equated with darkness for purposes of 5 These ideas are embodied in the example shown in 
circadian analysis— appears to be incorrect. FIGS, 33A, 33B, 33C, 34 and 35. 

This incorrect assumption was apparently related to a In FIGS. 33A, 33B, 33C a stimulus cycle is shown 
long-existing misconception that light was not a strong which contains both a dark episode of 8h duration and 
zeitgeber for the human circadian cycle. The effects of a bright light episode (9,500 lux) of 5.5 h duration. Oth- 
light must greater than 2,500 lux -was not isolated in 10 erwise the brightness is equivalent to 175 lux of labora- 
previous experiments which did not completely elimi- tory light. It is assumed that darkness corresponds to 
nate self-chosen light (100-300 lux) during periods of sleep and any light represents wakefulness so G(t) is 
supposed "darkness" in the experimental procedures. known. The total stimulus is G(t)+B(t). Also in FIG. 
The effect of applications of bright light was also 33C the Fourier fundamental is shown and the corre- 
masked by factors such as physical activity, posture, 15 spending stimulus vector, defined above. It is seen that 
and timing of sleep episodes and feeding, in addition to t w =12h and the stimulus vector magnitude is 0:55. 
the confounding influence of supposed "darkness" Computer simulations have been performed using the 
which was in fact not ."dark", biologically. representative period,- T x =24.6h, and locating the stim- 

It has been further discovered that it is not the bright ulus vector at various t r . The standard amplitude of 
lights per se, that effectuate a phase modification. 20 unity has been used as the initial value for x and the 
Rather, it is changes in light intensity that cause phase solutions have been started at the end of the dark epi- 
modifications. Although a 15-minute period of half sode. At the ends of succeeding dark episodes, N times 
illumination was used before and after "pulses" of 24h later, the amplitudes and phases of the computed x 

=. -bright light to acclimatize the subjects, it has been found ..are measured, .. .. s , 

that it is the change in light intensity, and not the bright 25 The changes of phase from the initial x phase (in 
light itself, which is the most direct casual factor in hours) are reported on the phase shift diagram of FIG. 
circadian phase shift. (In this discussion, the term 34 for N = l, 2, 3, and 5. These are analogs of "phase 
"pulse" is not limited to a pulse of short duration; in response curves" (PRC) reported for other species, but • 
fact, the duration of light pulses in the preferred em- whereas the conventional PRC are for briefly applied . 
bodiments of 'the present invention are on the order of 30 light stimuli, those of FIG. 34 are for extended light- 
three-six hours long. Conversely, Pittendrigh deter- /dark protocols. We observe that N=l gives a- PRC 
mined that pulses with durations on the order of milli- which is known as "Type 1 resetting" while N = 3 and 
seconds had profound effects on fruit flies living in 5 give- "Type 0 resetting." N=2 is very close to the 
otherwise total darkness.) borderline between these types but is m fact Type 1 . 

The first important observation is that an oscillator 35 FIG: 35 shows the amplitudes produced by the van- 
with low stiffness, such as U.,=0.1, is a very effective ous N cycles and depicts amplitude response curves 
band-pass filter. This means that it responds predomi- (ARC). It can be seen that the critical nature of N=2 
nantly to excitation al or near its resonance period, r x . (borderline between "Type 1" and "Type 0") is due to 
This means that for forcing patterns which have a 24h the reduction of amplitude virtually to zero. FIG. 34 
cycle it is the fundamental Fourier component {i.e., the 40 shows that one cycle of this stimulus strength can pro- 
component in the Fourier series- expansion of the fore- duce at best 2h of phase advance or 3h of phase delay, 
ing pattern with a period of 24 h) which is principally (The asymmetry reflects the fact that x has a period, t x , 
responsible for secular (i.e., time-cumulative) shifts of which is 0.6h longer than the 24h protocol. Similarly, 2 
phase and amplitude of x oscillation. Thus, different cycles can produce at best 4.2h advance or 6.2h delay 
forcing patterns which have the same Fourier funda- 45 (or 2.1h and 3.1h per cycle, respectively). In contrast, 3 
mental will have approximately the same cumulative stimulus cycles can produce any desired phase shift (up 
effects on phase and amplitude. Different effects may be to 12h advance or 12 h delay) because of the great 
encountered for two forcing patterns with the same reduction in the amplitude of the x oscillation on the 
Fourier fundamental when the cumulative effectives intermediate cycles. Furthermore, after the full 3 stimu- 
per cycle are large (e.g., amplitude changes in excess of 50 lus cycles the amplitude is greatly restored, never being 
0.6 or phase shifts in excess of 3h per cycle). less than 60% of the original value and m many condi- 

To systematize the presentation and summary of the tions being more than 35% larger than the original 
effects of cyclic protocols we introduce the concept of value. 

the "cyclic stimulus vector," or simply "stimulus vec- The experimental data derived from laboratory stud- 
tor." The magnitude- of this vector is r 2 /12 times- the 55 ies have been organized according to the phase of the 
magnitude of the Fourier fundamental of the brightness cyclic stimulus vector being applied, as described just 
pattern, B(t). The phase (or time of action) of this vector above, developed as part of this invention. As can be 
is the time at which the Fourier fundamental achieves seen in FIG. 36, the comparison between the expen- 
its positive maximum- value within the 24h cyclic stimu- mentally derived data and the model computations is 
lus which we denote t m , Then, if the cyclic pattern is 60 quantitatively satisfactory. Furthermore, when orga- 
initiated at some phase after the minimum of x, which nized in this manner, the experimental data themselves 
denote t„, the phase of the stimulus vector after the become internally consistent, thereby resolving the 
0 f x ti } s , ambiguity and multivaluedness of the data as presented 

v " "' s ' ' either in the classical phase response curve (PRC) to 

,+ , f 65 -light, organized by the circadian phase of light adminis- 

tration, shown in FIG. 11 or in the newly recognized 
organization of the data based on the phase of dark 
episode timing, as in FIG. 14. Neither the representa- 
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tion of FIG. 11 nor that of FIG. 14 simultaneously take What follows is a description of a particular protocol 

into account the phase of both light exposure time and for manipulation of the amplitude of the endogenous 

dark exposure time, which is accomplished in the cyclic (deep) circadian pacemaker. 

stimulus vector diagram of FIG. 36. FIGS. 37 and 38 illustrate a phase plane diagram and 

„.,,_.,,. 5 a timing diagram, respectively, of the phase and ideal- 

c. Stopping the x Oscillation ^ core body temperature of a subj £ ct whose deep 

From the ARC (Amplitude Response Curve) of FIG. circadian pacemaker amplitude is being reduced to near 
35 we find that two cycles of a strong cyclic stimulus zero. ' 

can reduce the amplitude of the x oscillation to ex- T^s idealized experiment begins with the endoge- 
tremely low values. At an amplitude of zero the circa- 1° n ° us circadian pacemaker at a minimum at 1202/1302. 
dian clock can be said to have been "stopped." Between times 1204/1304 and 1206/1306, the subject 

To be of use in studies of the effects of this unusual rested or slept, in darkness. After a period of ordinary 
condition it- is necessary to bring a subject precisely to diurnal activity, the subject was then exposed to bright 
this state under appropriate laboratory or environmen- lj e nt from tilne 1208/1308 until 1210/1310. As indicated 
tal conditions. Typically this means that zero amplitude 15 at 1210 > the bri ght light episode has substantially re- 
should be achieved upon a wake-up into the desired duced the amplitude of the endogenous circadian pace- 
' environment. If we suppose that we have some approxi- maker. 

mation to a protocol which might bring a subject from A succession of diumal activity, bedrest, diurnal ac- 
an experimentally-determined initial state (the ampli- 'l^' and mother bright light episode is repeated at 
tude and reference phase of x having been deduced 20 W 1212/1312, 1214/1314, 1216/1316, 

from the core body temperature of a Constant Routine, a j nd 1218/1318. A significant reduction in amplitude of 
for example) it is not a straightforward or simple matter l , h * «> d °gen°us circadian pacemaker is indicated at 
to modify the protocol to suit a specific subject. The UU ^ After ° ne ^ P er >od of diurnal activity and 
difficulty is that the zero-amplitude or "stopped clock" ~ ■•■""flier "PWde s of bedrest in darkness the subject en- - 
condition is, mathematically speaking, a "small target" 25 9°"^ R °f me for24 . hoB «- ^ «*» time the 

and for the differential equation (1) which describes the * mP " t f d ° Bm ^^dian pacemaker had 

x oscillator and the natural tendency of solutions is to bee " ^ UC ^ % ^ P rev,ous bnght .ght episodes. The 
move away from that . condition. (That.is, the zero- ^^^^SSTJT^ 
amplitude condition is an unstable singular point.) ,., m. „ « r i. • u v u . v 

the specific subject and his/her initial state. Ideally the f the d ^ di cemaker t0 „ ewl defin J 
subject's intrinsic period r» should first have been hase . faJLawn*. of this ph y ase reset . 
measured experimentally (as, for example, through m- ti re te &e extrelne demonstrated by H the differ . 
ternal desynchrony forced by p acing the subject on a 35 ence of the hase taversals jdread indicated ' fa nG 
sleep/wake cycle of 28h period). Then the differential 3J% Speciflca i lyi it is evident ^ the hase sh}ft dur ; 
equation, together with the candidate approximate pro- the second bri ht H hl isode 12 16 to 1218 is greater 
tocol, should be integrated backwards m time begin- than the hase shift duri the first brf ht B hl * isode 
rung at zero amplitude (which is the desired end state). 1208 t0 1210i Thjs enhancement of the phase sWft is 
If the candidate protocol does in fact have a usable „ based on a reduction in the endogenous circadian pace- 
solution, the solution for x will . have an amplitude maker amp i itude , W hen the amplitude is reduced in the 
which grows (backwards m time) until it passes through extremei that is> to an arrip i itude zero , any desired phase 
the amplitude which has been ascribed to the subject's shift raay be ach ieved in a diminishingly small period of 
initial state. The point in this reversed-time solution time. 

which exactly matches the subject's amplitude is now 45 B y increasing the time of exposure to the bright light 
the onset point of the protocol and the timing of all and scheduled darkness, the time required to reduce the 
events in the protocol is given by returning to "forward circadian amplitude to zero is minimized. FIG. 38A 
time." Furthermore, the phase of x at this precise solu- illustrated a timing diagram in which the circadian mo- 
tion point establishes the relationship between the time p ii tude is re duced to near zero in less than 1.5 days, 
at which the protocol commences and the time of the 50 ln F1G . 38A _ the three g-5 hour con t r0 ]led darkness 
minimum of x. bed rest periods from FIG. 38 have been replaced by 
. Clearly there are many clock-stopping protocols two controlled darkness bed rest periods which have 
which can be developed using this model. Cyclic proto- extended in duration to about 8-12 hours; the two 5.5 
cols are usually required and those which involve a hour bright light periods have been replaced by a single 
strong stimulus vector will achieve zero-amplitude in 55 bright light period which has been extended in duration 
fewer clock hours. This is especially desirable if the to about 8 hours. Considerations of practicality may 
subject's rjis not accurately known (as, for example, it require shorter periods of exposure or alterations of 
is estimated on the basis of normative data relating to timing of the periods, but the effect of such variations 
the subject's age and sex), since errors in r x produce ma y readily be predicted by application of the princi- 
cumulative phase errors during any protocol in direct 60 pies of the invention (through use of the preferred math- 
proportion to protocol duration. Protocols which attain ematical model or otherwise) to individually measured 
the initializing amplitude during a sleep episode may circadian data (using, for example, the Constant Rou- 
have to be rejected if the fraction of the sleep episode tine), or to empirically derived normative data, 
which remains within the protocol is judged to be too Thus, the invention contemplates a method of reduc- 
short to serve the appropriate sleep function. This con- 65 ing the circadian amplitude of a subject to a small ampli- 
dition can generally be eliminated by altering the tude approaching zero in less than 1.5 days, comprising 
strength of the stimulus vector (by changing the dura- the steps of exposing the subject to darkness during a 
tion of bright episodes, for example). first period of approximately 8-12 hours, the first time 
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period being roughly centered on a predicted amplitude drawing so much attention to the subject as bright 
maximum of the endogenous circadian pacemaker; ex- white lights. Furthermore, ceiling mounted lights may 
posing the subject to bright light during a second time be calibrated in brightness to consider the overall reflec- 
period, the second time period being roughly centered ' tance of walls, floors, ceilings, and other surfaces to 
on a predicted amplitude minimum of the endogenous 5 deliver the proper intensity of light to the retina to 
circadian pacemaker; and exposing the subject to dark- accomplish the desired phase shifting or amplitude 
ness during a third period of approximately 8-12 hours, modification contemplated by the present invention, 
the third time period being roughly centered on a pre- In all three cases, the subjects 1 daily exposure to ultra- 
dieted amplitude maximum of the endogenous circadian violet light during the trials as well within the safety 
pacemaker, 10 guidelines for permissible ultraviolet light exposure 

The invention also contemplates following the above established by the American Conference of Govern- 
method with a light stimulus which immediately resets mental Industrial Hygienists and the U.S. Army and 
the circadian phase to a desired phase, recommended by NIOSH (Documentation of the Thresh- 

FIG. 31 illustrates the actual measured core body old Limit Values and Biological Exposure Indices, Fifth 
temperature of a human subject as a function of time in 15 Edition (American Conference of Governmental Indus- 
an actual experiment utilizing the principles of the pres- trial Hygienists, Inc., Cincinnati, 1986); D. H. Sliney, 
ent invention. The subject underwent Constant Rou- Am J Opiom Physiol Opt 60, 278 (1983); National Insti- 
tines beginning at times indicated by 1402 and 1408. tute for Occupational Safety and Health, Criteria for a 
Between these two Constant Routines, however, two Recommended Standard, Occupational Exposure to Ul- 
bright light episodes, indicated as 1404 and 1406, were 20 traviolet Radiation (National Technical Information 
imposed. Service, Rockville, Md., 1972, Government Publication 

An amplitude reduction to near zero is shown at Number FB-214 268)). 
1410, after the commencement of the second Constant \ s an additional safety measure, all of our subjects 
'■■ Routine. After time 1410, the peak-to-peak amplitude of ■ n0 w wear coated polycarbonate ultraviolet-excluding,, 
the endogenous circadian pacemaker, as measured by 25 c j ear ui tra . spec 2000 safety glasses with 4C coating 
the fitted core body temperatures variation, was re- ' (Uvex Winter Optical, Inc., Smithfield, R.I.) through- 
duced from 2*-3* F. to a level below detection. 0 ut exposures to bright light. Given the negligible level 

As particular examples of lights used during experi- 0 f ultraviolet light to which 'our subjects are. now ex- 
ments, during light exposure (7,000-12,000 lux, compa- posed, we conclude that UV light exposure is not re- 
rable in intensity to natural sunlight just after dawn), 30 spons ible for the phase resetting we have observed, 
each subject was seated facing a bank of lamps and . ' 

instructed to look directly at them for 5 minutes out of 7. Devices for Facilitating the Method 

every 10. Reported light intensities are based on illumi- ^ Devices for the Administration of Light 

nance measurements recorded at 5-minute intervals .^.^ gs ^ a 

from research photometers ,0™^.^^' 35 pers0 n or group of persons may be exposed to light of 
buryport, Mass.) using a detector with a photopic spec- P neces * i ntel £ itv at the necessary time(s). The 
tral bias and a cosine angu ar i res P°»e PjJ^ « *e ^ methods for kminating an 

forehead and ^^J™^.^**^ foUow . environment which can be adapted to this purpose. In 
The bright light was provided by one of the follow- ^ electric Ughts ofeither incandescent of fluo , 

" (i) A wall-mounted bank of 60-80 8-foot, 96-watt rescent type can produce light of sufficient tatenaty 

0.25 inch thick sheet of clear plexiglass or two 0.125 45 three inches apart (3800-5800 wate ; total) v^ewte 

inch thick sheets of clear glass separated by a layer of illumination sufficient to expose a person to 9,500 lux at 

uolvvinylbutyl plastic (laminated safety glass); a distance of ten feet or so, if the person's gaze is di- 

TTta* of 60-80 8-foot, 60-watt reeled at the wall. Fluorescent lamps have the advan- 

F96T12/CW/EW cool-white econo-watt fluorescent °^%Z,T,V^^ 

lamps (North American Phillips Lighting Corp., 50 than at a single bright spot. Thus the light « ; diffuse 

Bloomfield, N.J.), separated from the subject by floor- enough that a person can store fcectly at the glowmg 

to ceiling panels as described above; or lamp from any distance without discomfort (although a 

(3) A portable bank of 16 4-foot, 40-wattlamps, either person coming directly from a dark environmen tw^ou d 

wide-spectrum vitalities or cool-whites, .separated from required a-adjustment period of partial il ummation to 

the subject by a wire-mesh screen, 55 • allow the eyes to adjust). A similar wal bearing an 

In our studies, the phase shifts induced by exposure to array of incandescent lamps is a^so effective, but the 

these different light sources have been equivalent for a intensity of light at the lamps filaments may make it 

given level of illuminance (as measured in lux or foot- necessary to place a diffuser between the lamps and the 

candles), perhaps indicating the level of illuminance, as viewer. The diffuser must be of heat-resistant material 

such, may be the critical factor affecting circadian 60 and the brightness of the lamps must be increased to 

phase shifting. Of course, the present invention contem- compensate for the overall intensity and spectral loss oi 

plates that further optimizations of light protocols ac- light caused by the diffuser. 

cording to the present invention may include some If the lights are placed on the ceiling or an overhead 

emphasis on light of different regions in the spectrum. flat surface, then the illumination of the user s eye is by 
Indeed, the potential social obtrusiveness of certain 65 light reflected from the surroundings rather than by 

bright lights may motivate research to conclude that light directly from the lamp (unless the user is m a su- 

only certain colors of light, or even light beyond the pine or reclining position looking upward, m which 

visible spectrum, may be effectively employed without case the situation is the same as with the lights mounted 
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on a wall). Thus, the light must be brighter at the source fully portable, requires very little energy, and is easily 
to compensate for its absorption by surfaces and objects controlled. The physical position of the goggles deter- 
in the environment. However, since the user would not mines the precise distance from the lights to the eyes, 
be gazing directly at the overhead light, sources with making control of the illumination level very precise, 
greater intensity can be used, such as high-intensity 5 Variations in light from the environment entering the 
incandescent lamps, halogen lamps, arc lamps, mercury openings can be compensated for by an electronic de- 
or sodium vapor lamps, or the sun. Use of natural sun- vice incorporating a photodiode or phototransistor that 
light via skylights or outdoor atria is precluded in most senses the ambient light level and dims or brightens the 
but not all cases because it is available only at certain goggles' internal lights accordingly, 
hours and is subject to variation caused by season and 10 While the use of localized retinal illumination 
weather. through light-controlled goggles is appealing from the 
Large banks of lights require large amounts of space standpoints of portability, low energy requirement, 
and consume a great deal of energy. The cost of the precise timing, uniform controllability, and the mobility 
space and the light fixtures may be too high for most they afford the wearer, there are several considerations 
individual users but can be offset if multiple users are 15 to be addressed. First, light scattering in the vitreous 
expected, for example, in a public facility, factory or humor (due to the Tyndall effect) will add light to the 
airplane. The energy used to power the lights — which is fovea and parafovea, which may limit the usable bright- 
ultimately converted into heat— may be recycled by ness applied to the periphery by obscuring the image 
circulating the air heated by the fixtures and in the from the environment that we wish to preserve on the 
illuminated area and using it for heating purposes else- 20 fovea. Furthermore, the peripheral retina serves an 
where. Many such installations would operate primarily important function in alerting a person to moving ob- 
in -the winter when short daylight hours and cold out- jects, thereby warning of dangers, etc. This may limit 
door temperatures limit .the availability of sunlight, so the use to relatively quiet, safe environments. Also, the 
... the. heat produced is of value. Ideally, the parts of the psychological effects of viewing the .world through a- 
light installation creating the most waste heat such as 25 restricted opening in a bright field may not be accept- 
the lamps, ballasts, and dimmers, are enclosed and ven- able. The converse situation in which the surround is 
tilated separately from the surrounding area; the heated dark we expect will be very tolerable, perhaps even 
air exhausted from the enclosure is handed by ducts and pleasant. We note that Eskimos have long used devices 
blowers incorporated into the environmental condition- with horizontal slit-shaped apertures to shield most of 
ing system of the buliding. 30 the retina from snow glare. Apparently the wearer can 
An alternative to large light banks are smaller lights function quite normally with this restructure of field of 
placed closer to the user (FIG. 39o, 396, 39c). A bank of view. It is possible that the slit aperture may permit 
ten four-foot fluorescent lamps covering a three-foot by normal freedom of movement in the case of the bright 
four-foot area and positioned vertically produces illumi- periphery as well. 

nation of 9,500 lux at a distance of about 3 feet from the 35 Additionally, the development of instrumentation to 
eye, if the user's gaze is toward the lamps. Halving the measure light exposure would facilitate the implementa- 
distance between the lights and the user allows halving tion of the preferred embodiments. For example, a light 
each dimension of the array and quartering the total meter could be developed which would measure bright- 
light output while producing the same amount of light ness as given by B= 0.0691* above. The ability of such a 
incident to the user's eye. Thus, a light fixture two feet 40 meter to integrate light exposure over an entire day 
wide and eighteen inches high suffices if it remains would greatly facilitate the calculation of a phased stim- 
approximately eighteen inches from the user's face. ulus vector and could allow individuals to more closely 
Such a fixture is easily portable and can be mounted on monitor their effective dose of light, 
a flexible positioning stand that would allow the user to , „ 

place it at the ideal height, tilt, and distance. Such a 45 b - Devlces for the Administration of Darkness 
fixture makes an ideal device for persons who must use Use of some of the methods of the invention requires 
the lights chronically. It may also be desirable to have that individuals be shielded from light or exposed only 
such a device for home use. For example, morning to attenuated light. A person may be shielded from 
exposure to bright light could both greatly improve incident light by placing him or her in a dark window- 
daytime job performance and enhance nighttime sleep 50 less room or by placing an opaque material over his or 
by amplifying circadian amplitude, which reinforces her eyes. 

stable environment. This could be accomplished by As an alternative to constructing a windowless room, 
incorporating lights into the headboard or above the the windows of a normal room such as a hospital room, 
headboard of the bed, in the bathroom or shower area, hotel room, or private bedroom can be modified by 
or by making the breakfast area into a solarium, using 55 covering all widows with shutters or shades designed to 
either natural or artificial lighting to achieve the desired totally exclude light. Many such devices axe used for 
intensity. The limitations in the user's movements photographic darkrooms and are highly effective. One 
caused by the closeness of the lights, and the boredom type uses an opaque screen that slides in a frame running 
of having to gaze in a single direction, can be offset by completely around the window opening. Black velvet- 
leaving the spaces between the lamps open, thus permit- 60 like surfaces seal out light all the way around the frame 
ting the user to focus his or her eyes on a television (or when the screen is closed. The screen opens by sliding 
the like) placed a distance behind the fixture. ' upward in the frame and rolling up at the top, which 
Another possibility is the use of localized retinal il- allows normal use of the window. For short-term use, a 
lumination through illuminated goggles (FIG. 40s, simple "blackout curtain" of flexible opaque material, 
406). The goggles provide a bright field of light, pro- 65 covering the window and adhered around the edge is 
duced by small lamps within the goggles themselves, also effective. 

leaving a slit or other opening in the center through Some circumstances require that a person be shielded 

which the wearer can see. The light thus provided is from bright light while active and able to see. Devices 
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for reducing the light coming into a person's eye, while 
still permitting vision, are needed. Goggles and masks 
that uniformly attenuate all incident light are commonly 
used as safety devices by welders and other workers 
whose work exposes them to hazardously bright light. 
These same devices may be applied to the methods here 
when light attenuation is needed. The device must 
block light from all directions with opaque. material or 
a materia] of a low transmissivity of approximately one 
o ten percent, 



Another device serving a similar function has long 
been used by Eskimos to protect from snow glare. It has 
the form of an opaque eye or face covering with a hori- 
zontal slit-shaped aperture. The aperture admits suffi- 
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For general uses such as frequent business travelers, 
the program can be made to run on personal or business 
computers, and can be sold and distributed in a variety 
of media including magnetic disks, magnetic tapes, opti- 
cal disks, direct loading via modem, printed code strips, 
paper tapes, and source code listings on paper. For 
larger-scale users such as airlines, the program incorpo- 
rating the method can itself be incorporated into exist- 
ing multipurpose computer systems. In the case of air- 
10 lines, such a subsystem can dispense recommended light 



and darkness schedules for jet lag reduction along with 
other flight information. 

The method can also be incorporated into small dedi- 
cated devices such as "smart" wristwatches or calcula- 
cient light and a sufficient view area to allow normal 15 tors, ideal for frequent travelers or shift workers. A 
movement while surrounding most of the eye with a slide rule device, either linear or circular, can be created 
dark field. th at allows the user to determine a schedule by setting 

Advantageously, the light.admitted by a light attenu- parameters and reading results from sliding analog 
ating device may vary according to ambient conditions, scales. A coin-operated electronic device that queries 
blocking the light more completely in bright light or 20 the user and dispenses the information for a fee can be 
daylight and admitting more light when the surround- placed in public places, particularly in airports, 
ings are dark. This characteristic makes such a device Timing and scheduling mechanisms can also be built 
safer and more effective, and it can be achieved in a into the. light fixtures and installations themselves, 
•■-variety of ways. Photochemically sensitive coatings.. These devices would determine the proper times and 
exist that darken when exposed to brighter light; they 25 automatically turn the lights on when appropriate. This - 
are commonly used in sunglasses. Such a coating, but is particularly effective where lights are installed in 
with a generally greater saturation level, would be ap- workplaces (for shift change adjustment)or m airport 

; - - waiting areas and aircraft (for jet lag compensation) 

since, they would operate on programmed schedules 
30 without human intervention. 



plicable, or existing coatings can be used in 
with a conventional light attenuating filter, 

More precise control is afforded by the use of an 
electronic device built into the goggles that senses the 
ambient light level and compensates accordingly, by 
mechanically widening or narrowing the viewing aper- 
ture with a small motor, or by rotating one polarized 
filter element relative to another to change the transmis- 
sivity, or by activating a translucent material or coating 
that changes its transmissivity in response to a small 
voltage placed across it. 

c. Devices for the Scheduling and Timing of 
Therapeutic Light and Darkness 



d. Installations Incorporating the Devices 
There are many ways that the methods and devices . 
described herein can be implemented to provide a ser- 

35 vice to those that would benefit from them, Hospitals, 
factories, and utilities which operate around the clock 
can install overhead fixtures with sufficient lighting 
capacities to effect the method. Computers pro- 
grammed with the operation's shift schedules could 

40 operate the lights routinely and automatically for the 
benefit of workers. 



The methods and formulae described for determining 
the ideal scheduling of periods of light and darkness to 
achieve a desired phase or amplitude change for a given 
individual can be put into effect in a variety of ways. A 45 
physician or other person trained in the method can 
make the determination for an individual; this is appro- 
priate in cases where the change is to be effected for 
therapeutic reasons such as the treatment of affective 

personality disorders or the treatment of delayed sleep 50 /or after therapy. Patients 
phase insomnia. However, other applications of the exposure *- '•* """ ;f 
technique, such as treatment of jet lag or to facilitate 
adaptation to shift changes transitions for workers, may 
benefit from devices that automate or simplify the cal- 
culation of light and darkness schedules based on the 55 
formulae of the mathematical model developed herein. 

A computer program can be created for any given 
computer device that performs the relevant calcula- 
tions. The program queries the user about his or her 
sleep characteristics and the nature of the change de- 60 
sired. The program allows the user to express this infor- 
mation in nontechnical language — for example, in the 
case of jet lag amelioration, it would ask the origin and 
destination locations and the times of the airline flights; 

the user would not need to know the longitudes of the 65 gers to be exposed to amplified 
locations or any of the principles behind the method. aid in their adaptation 
The program would inform the user what times to 
schedule light and darkness. 



Hospitals and medical facilities providing care to 
persons with affective disorders or sleep scheduling 
disorders can equip certain rooms with opaque window 
screens and banks of wall or ceiling mounted lights to 
allow the patient to be exposed to light and/or darkness 
as required for their treatment. These rooms can also be 
equipped with the necessary apparatus for carrying put 
the phase-assessment diagnostic procedure before and- 
" :rapy.- Patients can use home appliances for 
lights at specific times of day as ordered by 
_ physician, Light and/or darkness goggles can also be 
used to augment this treatment. Hotels catering to inter- 
national air travelers can' install bright lights in bed- 
rooms or in a central facility, and darkness curtains in 
bedrooms, thus creating a special service to customers 
likely to suffer from jet lag. A computer, coin operated 
or operated by hotel desk personnel, will dispense infor- 
mation to individual guests on the best times of expo- 
sure. A dedicated 'salon' operating independently from 
hotels could also provide this service in the same way 
that ultraviolet tanning salons operate today. Airports 
and airlines can install equipment allowing them to offer 
special class of service providing facilities for passen- 

reduced lighting to 

; zones. This equip- 
ment can include bright lights installed in special airport 
lounges or in the aircraft themselves. 
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Frequent travelers may be willing to purchase per- the subject's deep circadian pacemaker as an oscil- 

sona! portable equipment such as light/darkness gog- later of a van der Pol differential equation and 

gles and exposure time calculators to facilitate their transforming the model for the deep circadian 

own adjustment to shifting time zones. Military and pacemaker to a pair of complementary models; .and 

aerospace facilities and vehicles can utilize equipment 5 applying said stimulus, comprised of a pulse of bright 

similar to that described for civilian airports and air- light, at said selected appropriate time in said pres- 

craft, in order to help critical personnel adapt to shifting ent endogenous circadian cycle to effect the de- 

operational schedules or transmeridian travel without . si rec j modification of said cycle; 

loss of performance. wherein the characteristics of the present endogenous 

Spacecraft, submarines, machine rooms, isolated re- 10 circadian cyc i e of the subject are rapidly modified to 

search environments, hospital intensive care areas, and become the desired state of the subjeot . s endogenous 

all other environments where people must live and circadian cycle 

work while isolated from the external environment can 2 Tfae method of c]aim % wherein said } . 

utilize schedules of bright and subdued light, designed further comprises- 

in accordance with the methods herein, to improve the 15 , . _ *\ * , . . .. . . . . 

health and the sleep hygiene of their occupants. a P ply . mg ' at P r «^ed times m said assessed present 

As stated above? thefe are several potential uses of endogenous circadian cycle episodes of imposed 

■ this invention, namely to help shift workers adapt to , s J" ct ^f 5 /* P rcS f IeC ' ed durat! ° n ' • 

variable work schedules, reduce jet lag, and trea? pa- 3 - The method of clam 2 ' wherem ste P 

tients with a variety of medical disorders. Specifically, 20 com P nses: 

factories, hospitals and utilities which operate around assessmg the phase of the deep circadian pacemaker 

the clock could install overhead fixtures with sufficient of the P resent endogenous circadian cycle of the 

"lighting capacity to employ this new process to facili- ^ Ject- , , ,,.„,.' 

- -tate adaptation of the workers to their persistently • -. 4. The method of claim 2, wherein, said- assessing step ■ 

changing work schedules. In wintertime, the indoor 25 comprises: 

lights could be used to provide heat for the facilities. assessing the amplitude of the deep circadian pace- 
In addition, the process could be used by several maker of the present endogenous circadian cycle of 
components of the travel industry. With development tne subject. 

of proper hardware, international air carriers could 5. The method of claim 2, wherein said assessing step 

initiate a special class of service providing facilities for 30 comprises: 

passengers to be exposed to amplified or reduced light- assessing the phase and the amplitude of the deep 

ing at times designed to aid in their adaptation to their circadian pacemaker of the present endogenous 

destination time zone. Airport and other hotels catering circadian cycle of the subject. 

to the international business traveler- could have sun- 6, The method of claim 2, wherein said desired state 

light simulator suites where guests could be exposed to 35 of the endogenous circadian cycle comprises a desired 

lights prior to or after a trip. Finally, with appropriate phase of the deep circadian pacemaker, 

miniaturization, it may be possible for consumers to 7. The method of claim 2, wherein said desired state 

purchase "sunglasses" which would actually emit light of the endogenous circadian cycle comprises a desired 

such that the retina would be exposed to the intensity of amplitude of the deep circadian pacemaker. 

light required to achieve the desired effect, 40 8. The method of claim 7 wherein said desired ampli- 

Patients with medical disorders could use home appli- tude is an amplitude substantially reduced with respect ' 

ances for exposure to the lights at a specific time of day. t0 t ], e p rese nt circadian cycle. 

This could be conducted in conjunction with .a diagnos- 9- The method of claim 8, further comprising the step 

tic procedure before and/or after the administration of Q f. 

the phototherapy Patients likely to benefit would in- 45 " applying a single pulse of bright light, after said ap- 

clude those with delayed, advanced, or hypernycthe- , ; st has modjfied the ^ Iitude s0 that it is 

meral sleep syndromes, and potentially patients with substantially reduced with respect to the present 

psychiatric disorders. circadian cycle, to set the deep circadian pace- 

8. Conclusion 50 maker of the endogenous circadian cycle to a de- 

Whereas various particular embodiments of the pres- phase. _ 

ent invention have been disclosed in detail above, it is to m V* ^f 106 f ? m 2 - whe / em »«* state 

be understood that they are presented by way of exam- co ™?™? 8 desired pha^e and a desired amplitude, 

pie, and not limitation. Thus, the full scope and import «• The method of clalln 2 > whereul 58,(5 a PP lvln S ste P 



of the present invention should not be limited by any of 55 

the embodiments described above, but should be de- applying pulses of said light in .the range of 

fined only in accordance with the following claims, 7,000-12,000 lux. 

What is claimed is: " 12 - ^e method of claim 2, wherein said applying step 

1. A method of modifying a subject's endogenous further comprises: 

circadian cycle to a desired state, comprising the steps 60 applying pulses of said light of approximately 9,500 

of: lux. _ .. .. 

assessing predefined specific characteristics of a pres- 13- The method of claim 2, wherein said assessing 

ent endogenous circadian cycle of the subject; step comprises: 

selecting an appropriate time in the present endoge- placing the subject in a semi-recumbent position; ' 

■nous circadian cycle at which to apply a stimulus to 65 minimizing the subject's physical activity; 

effect a desired modification of said cycle, said feeding the subject small amounts of food at regular, 

appropriate time being when the deep circadian closely-timed intervals; 

pacemaker is at a relative minimum, by modelling keeping the subject awake; 
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measuring the characteristics of the present endoge- 23. A method of assessing modification capacity of a 

nous circadian cycle by measuring physiological stimulus on a subject's endogenous circadian cycle, 

parameters of the subject; and comprising the steps of: 

forming a representation of the physiological parame- assessing predefined specific characteristics of a pre- 
fers as a function of time. 5 stimulus endogenous circadian cycle of the subject; 

14. The method of claim 13, wherein said measuring selecting one or more appropriate times in the pre- 
step comprises: stimulus endogenous circadian cycle, based on the 

measuring an endocrine function of said subject. messed characteristics and a mathematical model 

15. The method of claim 2, wherein said assessing ° f . said circadian pacemaker said model being a 



placing the subject in a uniform low level of light for ' IO J? s de ™ ed fr ° m a t 5ec ° nd ° rder , van der f 0 ' 

a significant fraction of said circadian eyelet and differential equation, at which to apply a stimu us; 

measuring the characteristics of the endogenous cir- the s " s * the selected appropriate 

cadian cycle by measuring physiological parame- M J™Lg predefined specific characteristics of p«. 

16 tL method oTclaim 15, wherein said measuring fc st ! mul " s ™ d °S™™ circad ™ **** of the subject; 

xv. Jiic mcuiuu ui waiu. «, vinuau 0 a.u u»»u»ui B w }, erein assessing steps comprise: 

step comprises: placing the subject in a semi-recumbent position; 

measuring an endocrine function of said subject. minimizing the subject's physical activity; 

17. The method of claim 2, wherein said assessmg 2Q ieeding the sub j ect snm ll amounts of food at regular, 

step comprises: _ closely-timed intervals; 

using normative data to estimate the characteristics of keeping the subject awake; and 

the present endogenous circadian cycle of the sub- . measuring the characteristics of the- endogenous cir- 

ject: .... cadian cycle by measuring physiological parame-.. 

"18." The method of claim 1, wherein said selecting 2 5 ters of the subject, 

step further comprises the step of: 24. The method of claim 23, wherein the step of ap- 

selecting a duration of said stimulus based on the plying comprises applying said stimulus to a retina of 

assessed characteristics. the subject. 

19, The method of claim 1, wherein the step of apply- 25. The method of claim 23, wherein said selecting 
ing comprises applying said stimulus to a retina of the 30 step further comprises the step of: 

subject, selecting a duration of said stimulus based on the 

20. The method of modifying a subject's endogenous assessed characteristics. 

circadian cycle to a desired state, comprising the steps 26. The method of claim 23, wherein said measuring 

of: step comprises: 

assessing predetermined specific characteristics of the 35 measuring one or both of cor e body temperature and 

deep circadian pacemaker of the present endoge- Cortisol secretion. 

nous circadian cycle of the subject; 27. The method of claim 23, wherein said applying 

selecting one or more appropriate times in the present step comprises: 

endogenous circadian cycle, based on the assessed applying, at said selected appropriate times in said 

characteristics and a mathematical model of said 40 prestimulus endogenous circadian cycle, pulses of 

circadian pacemaker, said model being a pair of bright light and episodes of strict darkness; 

complementary first order differential equations whereby the characteristics of the prestimulus endoge- 

derived from a second order van der Pol differen- nous arcadian cycle of the subject may be modified, 

rial equation at which to apply a stimulus to effect »■ The method of clam »• wherem sald assessm S 

a desired modification of said cycle; 45 steps comprise: n : T ^ A : an rmrmnm1m . 

applying, a certain ones of said selected appropriate measuring the phase of the deep ™J«n P^Jer 

Times in said assessed present endogenous circadian ° endogenous circadjan cycle of the subject, 

cycle to effect the desired modification of said 29 - The method of cla,m »• whereln Hud 35565511,6 

cycle, said stimulus comprised of a pulse of bright JQ s lhe amplitude of the deep circadian pace- 

hgfat, and, optionally an episode of imposed strict maker B of the exogenous circadian cycle of the 



pair of complementary first order differential equa- 



darkness, so as to modify the amplitude of the deep 



circadian pacemaker of the endogenous circadian 30! Ttemethod of claim 23, wherein said assessing 

cycle to be substantially reduced with respect to comprise: 

the present circadian cycle; 55 measur i ng the phase and the amplitude of the deep 

applying a subsequent stimulus comprised of a pulse circadian pacemaker of the endogenous circadian 

of bright light or an episode of imposed strict dark- cycle of the subject. 

ness at another one of said selected appropriate 31 method of claim 23, wherein said applying 

times to set the deep circadian pacemaker of the step comprises: 

endogenous circadian cycle of the subject to the go applying pulses of light in the range of 7,000-12,000 

desired state. lux. 

21. The method of claim 20, wherein said selecting 32. The method of claim 23, wherein said applying 
step further comprises the step of: 



selecting a duration of said stimulus based on the applying pulses of light of approximately 9,500 lux. 
assessed characteristics. 65 33. The method of claim 23, wherein said applying 



22. The method of claim 20, wherein the steps- of . 

applying comprise applying said stimulus to a retina of applying, at certain ones of said selected appropriate 
the subject. times in said prestimulus endogenous circadian 
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cycle, pulses of bright light and, optionally, epi- 
sodes of imposed strict darkness, so as to modify 
the amplitude of the deep circadian pacemaker of 
the prestimulus endogenous circadian cycle to be 
substantially reduced with respect to the present 5 
circadian cycle; and 
applying a subsequent pulse of bright light at another 
of said selected appropriate times to set the deep 
circadian pacemaker of the prestimulus endoge- 
nous circadian cycle of the subject to a desired 50 
state. 

34. The method of claim 23, further comprising the 

compensating for endogenous circadian cycle having 
a period -not equal to 24 hours. 15 

35. A method of assessing modification capacity of a 
stimulus on a, subject's endogenous circadian cycle, 
comprising the steps of: 

assessing predefined specific characteristics of a pre- 
stimulus endogenous circadian cycle of the subject; 20 

selecting one or more appropriate times in the pre- 
stimulus endogenous circadian cycle, based on the 
assessed characteristics and a mathematical model 
of said circadian pacemaker, said model being a 
pair of complementary first order differential equa- - 
tions derived from a second order van der Pol 
differential equation, at which to apply a stimulus; 

applying the stimulus at the selected appropriate 
times to the subject; and 

assessing predefined specific characteristics of post- 
stimulus endogenous circadian cycle of the subject 
by: 

placing the subject in a uniform low level of light 
for a significant fraction of said circadian cycle; 3S 



■ 42. The method of claim 35, wherein said applying 
step comprises: 
applying pulses of light in the range of 7,000-12,000 
lux. 

43. The method of claim 35, wherein said applying 
step comprises; 

applying pulses of light of approximately 9,500 lux. 

44. The method of claim 35, wherein said applying 
step comprises: 

applying, at certain ones of said selected appropriate 
times in said prestimulus endogenous circadian 
cycle, pulses of bright light and, optionally, epi- 
sodes of imposed strict darkness, so as to modify 
the amplitude of the deep circadian pacemaker of 
the prestimulus endogenous circadian cycle to be 
substantially reduced with respect to the present 
circadian cycle; and 

applying a subsequent pulse of bright light at another 
of said selected appropriate times to set the deep 
circadian pacemaker of the prestimulus endoge- 
nous .circadian cycle of the subject to a desired 
state. 

45. The method of claim 35, further comprising the 
step of: ■ ._; _ : • * . . - 

compensating for endogenous circadian cycle having 
a period not equal to 24 hours. 

46. The method of claim 35, wherein said selecting 
step further comprises the step of: 

selecting a duration of said stimulus based on the 



39. The method of claim 35, wherein said 
steps comprise: 

g the phase of the 



of the endogenous circadian cycle of the subject. 

40. The method of claim 35, wherein said assessing 
steps comprise: 

measuring the amplitude of the deep circadian pace- 
'maker of the endogenous circadian cycle of the 
subject. 

41. The method of claim 35, wherein said assessing 



j the characteristics of the endogenous 
circadian cycle by measuring physiological pa- 
rameters of the subject. 

36. The method of claim 35, wherein said significant ^ 
fraction of said circadian cycle is substantially two- 
thirds of said cycle. 

37. The method of claim 35, wherein said measuring 
step comprises: 

measuring one or both of core body temperature and 45 
Cortisol secretion. 

38. The method of claim 35, wherein said applying 
step comprises: 

applying, at said selected- appropriate times in said 
prestimulus endogenous circadian cycle, pulses of 50 

• bright light, and episodes of strict darkness; 

whereby the characteristics of the prestimulus endog- 
enous circadian cycle of the subject may be modi- 



47. The method of claim 35, wherein the step of ap- 
plying comprises applying said stimulus to a retina of 
the subject. 

48. A method of modifying a subject's endogenous 
circadian cycle to a desired state, comprising the steps 
of: 

assessing predefined specific characteristics of pres- 
ent endogenous circadian cycle of the subject; 
selecting one or more appropriate times in the present 
endogenous circadian cycle, based on the assessed 
characteristics and by modelling said circadian 
cycle using a mathematical model of said circadian 
pacemaker, said model being a pair of complemen- 
tary first order differential equations derived from 
a second order van der Pol differential equation, at 
which to apply a stimulus to effect a desired modi- 
fication of said cycle; and 
applying, at certain ones of said selected appropriate 
times in said assessed present endogenous circadian 
cycle to effect the desired modification of said 
cycle, said stimulus, comprised of a pulse of bright 
and, optionally, an episode of imposed strict 



whereby the characteristics of the present e: 
5 circadian cycle of the subject are modified to become 
the desired state of the subject's endogenous circadian 
cycle. 

49. The method of claim 48, wherein said modelling 
comprises: 

3 deriving a forcing function substantially proportional 
to a subjectively assessed brightness function. 

50, The method of claim 48, wherein said modelling 



measuring the phase and the amplitude of -the deep 
circadian pacemaker of the endogenous circadian 
cycle of the subject. 



deriving a forcing function substantially proportional 
to the cube root of the illuminance of light sur- 
rounding the subject. 

51. The method of claim 48, wherein said modelling 
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deriving a forcing function substantially proportional 
to changes in a subjectively assessed brightness 
function. 

52. The method of claim 48, wherein said modelling 
comprises: £ 

deriving a forcing function substantially proportional 
to changes in the cube root of the illuminance of . 
light surrounding the subject. 

53. The method of claim 48, wherein said selecting 
step further comprises the step of; 11 

selecting a duration of said stimulus based on the 
assessed characteristics. 

54. The method of claim 48, wherein the step of ap- 
plying comprises applying said stimulus to a retain of 
the subject. 

55. A method of modifying a subject's endogenous 
circadian cycle to a desired state, comprising the steps 
of: 



ject's deep circadian pacemaker of the endogenous 
circadian cycle a desired amount. 

59. The'method of claim 58, further comprising: 

(e) repeating steps (c) and (d) one or more times ac- 
cording to the subject's determined endogenous 
circadian cycle until the desired phase shift is 
achieved. 

60. The method of claim 58, wherein step (b) further 



assessing predefined specific characteristics of pres- ^ 

ent endogenous circadian cycle of the subject; 
selecting one or more appropriate times in the present 
endogenous circadian cycle, based on- the assessed 
characteristics and a mathematical model of the 
circadian cycle of said subject, said model being a 25 
pair of complementary first order differential equa- 
tions derived from a. second order van der Pol 
differential equation, at which to apply a stimulus 
to effect a. desired modification of said cycle; and 
applying, at certain ones of said selected appropriate 3Q 
times in said assessed present endogenous circadian 
cycle, to effect the desired modification of said 
cycle, said stimulus, comprised of a pulse of bright 
• light, and, optionally, an episode of imposed strict 

darkness; 35 
whereby the characteristics of the present endoge- 
nous circadian cycle of the subject are rapidly 
modified to become the desired state 'of the sub- 
ject's endogenous circadian cycle; and wherein 
said selecting step further comprises: 40 
determining optimum bright light pulse onset 
times, and, optionally, imposed darkness episode 
offset times, based on one or more empirically 
derived phase response curves. 

56. The method of claim 55, wherein said selecting 45 
step further comprises the step of: 

selecting a duration of said stimulus based on the 
assessed characteristics. 

57. The method of claim 55, wherein the step of ap- 
plying comprises applying said stimulus to retina of the 50 
subject. 

58. A method of shifting the phase a subject's deep 
circadian pacemaker of the endogenous circadian cycle 
to a desired phase comprising the steps of: 

(a) determining a subject's endogenous circadian cy- 55 
cle; 

(b) modifying the amplitude of the subject's deep 
circadian pacemaker, using a mathematical model 
of said circadian pacemaker, said model being a 
pair of complementary first order differential equa- 60 
tions derived from a second order van der Pol 
differential equation; 

(c) selecting a time at which to apply a stimulus in 
order to effect the desired shift in the phase of said 
deep circadian pacemaker of the cycle, using said 65 
mathematical model of said circadian pacemaker; 

(d) applying said stimulus, comprised of bright light, 
at the time selected to shift the phase of the sub- 



reducing the amplitude of the subject's deep circadian 
pacemaker of the endogenous circadian cycle. 

61. A method of changing the amplitude of a subject's 
deep circadian pacemaker of the endogenous circadian 
cycle comprising the steps of: 

.(a) determining a subject's endogenous circadian cy- 
cle; 

(b) selecting, based on said determining step and a 
mathematical model of said deep circadian pace- 
maker, said model being a pair of complementary 
first order differentia] equations derived from a 
second order van der Pol differential equation, a 
time at which to apply a stimulus in order to effect 
a desired change in the amplitude of said deep 
circadian pacemaker; 

(c) applying said stimulus, comprised of bright light, 
at the time selected, to change the amplitude of the 
subject's deep circadian pacemaker of the endoge- 
nous circadian cycle a desired amount. 

62. The method of claim 61, further comprising: 

(d) repeating steps (b) and (c) one or more times 
according to the subject's determined endogenous 
circadian cycle until the desired amplitude change 
is achieved. 

63. A method for stably synchronizing the deep circa- 
dian pacemaker of the endogenous circadian cycle of a 
subject to the subject's sleep/wake process, comprising 
the steps of: . 

selecting appropriate waking hours of the subject 
during -which to perform the subsequent steps 
based on a mathematical model of said circadian 
pacemaker, said model being a pair of complemen- 
tary first order differential equations derived from 
a second order van der Pol differential equation; 
exposing a retina of the subject to an enhanced level 
of illumination during the selected waking hours of 
the subject; and 
imposing strict darkness of the subject's retina during 
the sleeping hours of the subject. 

64. A system for prescribing and applying a substan- 
tially optimum stimulus regimen of bright light pulses 
and darkness episodes to cause a subject's endogenous 
circadian pacemaker to be modified to a desired state, 
said apparatus comprising: 

input means for inputting pre-stimulus timing data 
and characteristics of the subject's endogenous 
circadian cycle; 
assessing means for receiving said pre-stimulus timing 
data and for assessing said characteristics of said 
subject's endogenous circadian cycle; 
modelling means, connected to said assessing means, 
for computing substantially optimum durations and 
application times of the stimulus regimen; 
output means, connected to said modelling means, for 
outputting said substantially optimum durations 
and application times of said stimulus regimen; and 
applying means for applying said substantially opti- 
mum stimulus regimen to said subject. 



65. The system of claim 64, wherein said modelling 
means comprises means' for simulating a van der Pol 
oscillator. . 

66. The system of claim 64. wherein said modelling 
means comprises means for storing an empirically- 
derived phase and amplitude response curve. 

67. The system of claim 64, wherein said modelling 
means' comprises means for 'simulating a van der Pol 
oscillator for- modelling said circadian pacemaker as a 
pair of complementary first order, differential equations 
derived from a second order van der Pol differential 
equation. 

68. The system of claim 64, wherein .said modelling 
means comprises a mathematical model of said circa- 
dian pacemaker, including a pair of complementary first 



order differential equations derived from' a second order 
differentia! van der Pol equation. " 

69. The system of claim 64, wherein said modelling 
means uses the following formula: 

Wrf-^t + fc, (-1 + 4*>>-£- -f- + Fx- 

70. The system of claim 64 wherein said applying 
means includes a.light source integral' with said system. 

71. The system of claim 70 further including means 
for automatically turning said light source on and off. 

72. The system of claim 64 wherein said pre-stimulus 
timing data includes destination location and times of 
airline flights of said subject. • 
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The pbotopigment in the human eye that transduces light for 
circadian and neuroendocrine regulation, is unknown. The aim 
of this study was to establish an action spectrum for light- 
induced melatonin suppression that could help elucidate the 
ocular photoreceptor system for regulating the human pineal 
gland. Subjects. (3? females, 35 males, mean age of 24.5 ± 0.3 
years) were healthy and had normal color vision. Full-field, 
monochromatic light exposures took place between 2:00 and 
3:30 A.M. while subjects' pupils were dilated. Blood samples 
collected before and after light exposures were quantified for 
melatonin. Each subject was tested with at least seven different 
irradiances of one wavelength with a minimum of 1 week 
between each nighttime exposure. Nighttime melatonin sup- 
pression tests (n = 627) were completed with wavelengths from 
420 to 600 nm. The data were fit to eight univariant, sigmoidal 



fluence-response curves [R 1 ~ 0.81-0.95). The action spec- 
trum constructed from these data fit an opsin template (R z = 
0.91), which identifies 446-477 nm as the most potent wave- 
length region providing circadian input for regulating melatonin 
secretion. The results suggest that, In humans, a single pho- 
topigment may be primarily responsible for-melatonin suppres- 
sion, and its peak absorbance appears to be distinct from that 
of rod and cone cell photopigments for vision. The data also 
suggest that this new photopigment is retinaldehyde based. 
These findings suggest that there is a novel opsin photopig- 
ment in the human eye that mediates circadian photoreception. 

Key words:- melatonin; action spectrum; circadian; wave- 
length; light; pineal gland; neuroendocrine; photoreception; 
photopigment; human 



Light is the primary stimulus for regulating circadian rhythms, 
seasonal cycles, and neuroendocrine responses in many species, 
including humans (Klein et al., 1991; Wehr, 1991). Furthermore, 
clinical studies have demonstrated that light therapy is effective 
for treating selected affective disorders, sleep problems, and 
circadian disruptions (Wetterberg, 1993; Lam, 1998). Currently, 
the ocular photoreceptors that transduce light stimuli for cima- 
dian regulation and the clinical benefits of light therapy are' 
unknown. 

The retinohypothalamic tract, a distinct neural pathway that 
mediates circadian regulation by light, projects from the retina to 
the suprachiasmatic nuclei (SCN) (Moore, 1983). A neural path- 
way extends from the SCN to the pineal gland (Klein et al., J991; 
Morin, 1994). By this pathway, light and dark cycles are perceived 
through the mammalian eyes, entrain SCN neural activity, and, in 
Turn, entrain the rhythmic secretion of melatonin from the pineal 
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gland. In virtually all species, melatonin secretion is high during 
the night and low during the day (Reiter, 1991; Arendt, 1998). In 
addition to entraining pineal rhythms, light exposure can acutely 
suppress melatonin secretion (Rollag and Niswender, 1976; Lewy 
et al., 1980). Acute, light-induced melatonin suppression is a 
broadly used indicator for photic input to the SCN, which has 
been used to elucidate the ocular and neural physiology for 
circadian regulation (Klein el al., 1991; Brainard ct al., 1997). 

Studies using rodents -with retinal degeneration suggest that 
neither the rods nor cones used for vision participate in light- 
induced melatonin suppression, circadian phase shifts, or photo- 
periodic responses (Pevct et al., 1984; Webb et al., 1985; Foster et 
al., 1991). Furthermore, enucleation of rodless, coneless trans- 
genic mice abolishes light-induced circadian phase shifts and 
melatonin suppression (Lucas and Foster, 1999; Frccdman et al.., 
1999). Similarly, light-induced melatonin suppression and circa- 
dian entrainment have been demonstrated in humans with com- 
plete visual blindness (CzeisleT et al., 1995) and with specific 
color vision deficiencies (Ruberg el al., 1996). Together, these 
studies on different forms of visual blindness suggest that mela- 
tonin regulation is controlled, at least in part, by photoreceptors 
that differ from the known photoreceptors for vision. 

A recent study has shown that monochromatic light at 505 nm 
is approximately fouT times stronger than 555 nm in suppressing 
melatonin in healthy humans (Brainard et al., 2001). Those re- 
sults confirmed that the ocular photoreceptor primarily respon- 
sible for pineal melatonin regulation in. humans is not the three 
cone system that mediates pholopic vision. The new data re- 
ported here extend this work by forming an action spectrum from 
fluence-response curves at multiple visible wavelengths. 
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Developing an action spectrum is a fundamental means for 
determining the input physiology for the circadian system. This 
photobiological technique has,' high utility for (!) defining the 
relative effectiveness of photons at different vavelengths for elic- 
iting a' biological response and (2) identifying the specific pho- 
topigment. involved in that response" (Lipson, 1994; Coohill, 
1999). The specific aim of the present study was to characterize 
the wavelength sensitivity of the photoreceptor system responsi- 
ble for providing circadian input to the human pineal gland by 
establishing an action spectrum for light-induced melatonin sup- 
pression. The experiments defined an action spectrum that fits a 
rctinaldehyde opsin template and identified 446-477 nm as the 
most potent wavelength region for regulating melatonin. Univa- 
riance among the eight fiuence -response curves suggests that a 
single photopigment is primarily responsible for melatonin sup- 
pression. These results suggest that there is a novel photopigment 
in the human eye that mediates circadian photoreception. 

Preliminary reports of this work have been presented previ- 
ously (Brainard et al., 1999b-e, 2000b). 

MATERIALS AND METHODS 

■Study design. Action spectra arc determined by comparing the number of 
photons required for the same biological effect at different wavelengths 
(Lipson, 1994; Coohill, 1999). The melatonin suppression action spec- 
trum described here was formed from fluencc -response curves at eight 
wavelengths between 440 and 600 nm. A wi thin-subjects design was used 
for each fluence-response curve. For each wavelength studied, a set of 
eight volunteers was exposed to a minimum of eight different light 
irradianccs on separate nights with at least '6 d between exposures. At the 
completion of that work, it was determined that a probe of sensitivity to 
monochromatic light below 440 nm was needed. Consequently, a group 
of eight subjects was exposed to a single night of no light exposure and a 
single night of exposure to one irradiance of 420 nm light. 

Subjects. Volunteers who were involved in shift work, planned long- 
distance jet travel before or during the study period, or had irregular 
sleeping schedules were excluded from this study. The subject drop-out 
rale was 7.9%. The ethnic distribution of the 72 subjects who completed 
this study included 55 Caucasians, 9 Asians, 4 African Americans, 3 
Hispanics, and 1 individual of unknown ethnicity. Subjects who had a 
relatively stable daily sleeping pattern, passed a physical exam for genera] 
and ocular health, and signed an approved Institutional Review Board 
consent document were accepted into this study. A total of 37 females 
and 35 males between 18 and 30 years old (mean ± SEM age, 24.5 ± 0.3) 
completed the study. The self-reported mean ± SEM weekday wake-up 
time amoDg subjects was 7:06 A.M. ± 18 min. Al! subjects were normal 
on the Ishibara and Famsworth Munscll D-100 tests for color vision 
(mean ± SEM Farnsworth Munscll score. 51.4 ± 43). 

Light exposure protocol. Each experiment began at midnight when 
subjects entered a dimly lit room (10 lux or less). One drop of 03% 
cyclopentolatc HC1 was placed in each eye to dilate the subjects' pupils, 
and blindfolds were placed over their eyes. Subjects remained sitting 
upright for 120 min and listened to music on headphones or engaged in 
quiet conversation. While still blindfolded andjusl before 2:00 A.M., a 10 
ml blood sample was taken by venipunclurc of the antecubital vein. 
Subjects' blindfolds were then removed, and the subjects were exposed to 
the monochromatic light stimulus from 2:00 to 3:30 A.M. During light 
exposure, each subject's head rested in an ophthalmologic head holder 
facing a ganzfeld apparatus that provided a concave, pauemless reflect- 
ing surface encompassing each suhjecl's entire visual field (Fig. 1). 
During this 90 min exposure, subjects sat quietly, kepi their eyes open, • 
and gazed at a fixed target dot in the center of the ganzfeld dome. Subject 
compliance for keeping their eyes open and the subjects' pupil size were 
monitored by a miniature video camera inside the ganzfeld dome. If the 
subjects began to close their eyes during the exposure period, the 
experimenters reminded them to keep Ihcir eyes completely open. Al 
3:30 A.M., a second 10 ml blood sample was taken by venipuncture, and 
the subjects were then permitted to leave the laboratory. Eighl wave- 
lengths were studied for this action spectrum (440, 460, 480, 505, 530, 
555, 575, and 500 nm). Across these wavelengths, each subject was 
exposed to complete darkness from 2:00 to 3:30 A.M. on their control 
night and to a set of irradiances' covering a 4 log unit photon density 
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Figure J. This diagram illustrates the experimental electronic, optic, and 
ganzfeld dome exposure array. This apparatus provides a uniform^ pat- 
temless stimulus that encompasses the subject's entire visual field For 
clarity, the subject's head is shown slightly withdrawn from the opening of 
the ganzfeld dome. During all light exposures, the subjects' bony orbits 
are completely enclosed in the dome walls, providing complete exposure 
of (heir visual fields. 



range of 10 10 to 10 M photons/cm 2 on exposure nights. For the probe of 
sensitivity to monochromatic light al 420 nm, a group of eight subjects 
was exposed to a single night of no light exposure and a single night of 
exposure to 420 nm light at 31.8 M W/cm 2 (538 X 10" photons/cm 2 ). 

Light production and measurement. As shown in Figure 1, experimental 
light stimuli were produced by a 450 or 1200 W xenon arc lamp (Photon 
Technology Ind, Princeton, RJ). Each lamp was enclosed in a light-proof 
chamber and cooled by water circulation. An exit beam of light from each 
source was directed by a parabolic reflector, and, for the 1200 W lamps, 
■excess heal in the light beam was reduced by a water filter. Monochro- 
matic wavelengths (10-J43 nm half-peak bandwidths) were produced by 
a grating monocbromator, and light irradiance was controlled by a 
manual diaphragm. The resulting light beam was directed into the top 
area of a ganzfeld apparatus and reflected evenly off the walls of the 
ganzfeld dome into volunteers' eyes. The entire reflecting surface of the 
dome was coaled with a white material (Spectralite) with a 95-99% 
reflectance efficiency over the 400-760 nm range. Routine measurement 
of the light inadiance (in microwatts per square centimeter) was done 
with a Tektronix J16 Radiometer/Photometer with a J6512 irradiance 
probe (Tektronix, Beavenon, OR). Experimental light stimuli reflected 
from the garafeld dome were measured at volunteers' eye level immedi- 
ately before and after the 90 min exposure. Additional measures were 
taken each 03 hr of the exposure to ensure stimulus stability and enable 
readjustment of the intensity if it varied. These spot measures were taken 
with an ft-T meter (Minolta, Osaka, Japan). Spectroradiornetric assess- 
ment of the monochromatic wavelengths at the level of subjects' corneas 
was done with a portable spectroradiometer with a fiber optic sensor 
(model S2000; Ocean Optics, Duncdin, FL). This equipment was cali- 
brated with a standard lamp traceable to the National Institute of 
Standards and Technology. 

In action spectroscopy, it is critical that the measured light stimuli are 
representative of the stimuli thai actually reach the photoreceptors lhat 
mediate the photobiological response. In studies oe light regulation of 
the circadian system, factors that can modify the measured stimulus 
before it reaches the photoreceptors include head and eye motion, 
squinting and eye closure, pupillary reflexes, and light transmission 
through the ocular media (Gaddy et al., 1993; Brainard et al., 1997). Most 
of these factors are controlled in the experimental technique described 
above. Concerning lighl transmission through ocular media, trie cornea 
and aqueous and vitreous humors normally transmit nearly 100% of 
visible wavelengths to the retina and do not change substantively as the 
eyes age (Boettner and Woller, 1962). In contrast, the aging human lens 
develops pigmentation that attenuates the transmission of shorter visible 
wavelengths to the retina (Lerman, 1987; Brainard et al., 1997). In the 
present study, restricting the age of volunteers to 18-30 years controlled 
this factor. Measurements of mean transmittancc of 36 postmortem 
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tram ion al 420 nm compared with 460 nm (Brainard et al., 1997). 
Consequently, measured corneal light irradianees al 420 nm had to be 
adjusted to' compensate for reduced stimulus transmission to the retina 
even in this relatively young study group. 

Blood samples and melatonin assay. Blood samples were collected in 
glass vacutainers thai contained EDTA. Plasma was separated by refrig- 
erated centrifugation, aliquoted into cryogenic vials, and stored at -r2JCfC 
until assay. Melatonin concentrations were assayed by radioimmunoassay 
using antiserum described by Rollag and Niswender (1976). Radiola- 
beled ligand was. prepared by adding 10 u,l of a dioxane solution contain- 
ing 1 >jmo] of 5-melhuxytrypiamine and 1 u.mol of tri-/V-bulylamine to 
250 u-Ci (0.1 nmol) dried Bolton-Hunter Reagent (NEN, Boston, M A). 
The reaction was allowed to proceed for 1 hr before adding 50 "J. of 
aqueous sucrose (16 gm/ml electrophoresis buffer) and purifying product 
by disc gel electrophoresis. Duplicate aliquols of 200 u.1 of each unknown 
and control sample were extracted into 2 ml of chloroform. The chloro- 
form was removed in a SpeedVac centrifuge (Savant Instruments, Hol- 
brook, NY) and resuspended in 200 uJ of assay buffer (PBS, pH 7.4, 
containing 0.1% gelatin with 100 mg/1 thimerosa) as a preservative). The 
extracts were washed twice with 3 m! of petroleum ether and then 
evaporated to dryness in a SpeedVac before being resuspended in 200 fil 
of deionized water. Approximately 50,000 cpm of radiolabeled ligand 
and a 1:256,000 dilution of antiserum (R1055; bleeding date of 91)6/14) 
was added to each unknown and a triplicate twofold geometric series of 
standards ranging in concentration from 0.201 to 200 pg per 200 pi of 
assay buffer. The final assay volume of buffer in each tube was 400 pi. At 
the end of the 48 hr incubation period, 3 ml of 95% cthanol (4°C) was 
added to each assay tube, and the bound radioactivity was precipitated by 
centrifugation al 2000 X g for 30 min. The supernatant was decanted, and 
radioactivity in the precipitate was quantified. The quantity of melatonin 
immunoreactivily in the samples was calculated with the use of a com- 
puter program (M. L. Jaffe and Associates, Silver Spring, MD) (Davis el 
al., 1980). All solutions were maintained at 4°C throughout the radioim- 
munoassay procedure. Assay results were not corrected for recovery 
(which has proven to be >95% in independent trials). The minimum 
detection limit of the assay is 0.5-2.0 pg/ml. 

Statistics. Two-tailed, paired Student's t tests were used to assess 
statistical significance of raw melatonin change from 2:00 to 3:30 A.M. 
Percent melatonin change scores were determined by the following 
formula: 

percent melatonin change score = 

035(1 hr melatonin - 02:00 hr melatonin 
}0 °. * 02:00 hr melatonin ' 

Percent melatonin change scores then were normalized to percent 
control-adjusted change scores by subtracting the control (no light) 
condition percent change scores for each subject from that same subject's 
light exposure score. This technique accounts for the normal individual 
rise or fall in plasma melatonin levels wilh respect to the light-induced 
changes (Gaddy el*]., 1993; Brainard el al., 1997). For data from each 
wavelength, complete sets of preexposure melatonin values, percent 
melatonin change. scores, and percent control-adjusted melatonin change 
scores were analyzed with one-way, repeated-measures ANOVA. Signif- 
icant differences between groups were assessed wilh post hoc Scheflc F 
tests wilh a set ajj 0.05. The group of single fluence-response curves (one 
for each wavelength) was fitted to a parametric model in which the 
melatonin response (Y) to a photon dose {X) is predicted by the follow- 
ing: Ihe theoretical initial V-response (0 dose) for the curve (Aj); the 
theoretical final V-responsc ("infinite" dose) for the curve (A 2 ); the dose 
producing a response halfway between A, and A 2 (X„| or EDj„); and the 
slope estimator (p) for Ihe slope of the curve between A, and A 2 . The 
equation is as follows: 

• i + wx M r 

The computer program Origin 6.0 (Microcal, Northampton, MA) was 
used to fil the nuence-Tesponse curves to the data. From exiensivc 
experience in our laboratory, a saturating 90 min light exposure produces 
a maximum mean percent conlrol-adjusled plasma melatonin suppres- 
sion ranging from 60 lo 80% depending on the particular group of 
subjects being tested (Gaddy et al., 1993; Ruberg el al., 1996; Wang el al., 
1999; Brainard et a!., 2000a, 2001). To [brm an analytical action spec- 
trum, il is necessary to determine whether all fluence-response curves 



can be fit to a uni variant sigmoids 1 curve (Coohill, 1991; Lipson, 1994, 
1999). To do this, sigmoid curves were fitted to the five fluence-response 
curves between 440 and 530 nm, which reached a mean percent control- 
adjusted melatonin suppression of 60-80% by constraining the A) factor 
(theoretical initial y-responsc) to 0 because no light exposure should 
yield a 0% control-adjusted plasma melatonin suppression. From this set 
of curves, a mean A 2 (theoretical final /-response or "infinite" dose for ' 
the curve) and a mcanp (slope estimator) was calculated, Subsequently, 
all eight data sets (including the data sets that did not reach saturation) 
were Ihen fitted to sigmoid curves that constrained A z and p to these 
means and constrained A, to 0. Each calculated curve was tested for 
goodness-of-fi! of the data by coefficienl of correlation. 

Melatonin action spectrum. This action spectrum was formed from the 
phoion density, which elicited the half-saturation constant (EDjo) of the 
percent control-adjusted melalonin suppression for each of the eight wave- 
lengths. These half-saturation constants were derived from the eight uni- 
variant fluence-response curves described above. The half-saturation con- 
slants were then normalized to the maximum response and plotted as 
relative sensitivity. The relative quantum sensitivity from each group of 
subjects was then graphically plotted (quanta/wavelength) to illustrate 
Ihe resultant' action spectra for melatonin suppression in humans. A 
predicted peak sensitivity for this action spectrum was determined by 
fitting a vitamin A,-rctinaldehyde photopigment template to the data by 
a modification of the method described by MacNichol et aL. (1983). 
Specifically, the long wavelength, limb of vitamin A,-based photopig- 
mcnts can be considered linear within the 10-90% sensitivity range when 
•ploUed on a frequency abscissa. To select the best fit vitamin A, tem- 
plate, the normalized 10-90% long wavelength melatonin ED M data 
were fitted to a series of vitamin A,-bascd templates within the 10-90% 
sensitivity range of the long-wavelength limbs of the templates (Partridge 
and De Grip, 1991). Pearson correlation coefficients derived from filling 
the melatonin data to the templates indicated the optimum fitting 
template. 

RESULTS 

Variations in pupillary dilation, exposure time, and 
melatonin assay 

Individuals vary slightly in their pupil size and response to myd- 
riatic agents. Mean ± SD pupillary dilation was 7.19 ± 0.88 mm 
for all 72 subjects across all nights of exposures. There were no 
significant pupil size changes during the light exposures. Simi- 
larly, there is a small degree of variability in exact light exposure 
durations attributable to slight experimental delays. Across 627 
single-subject experiments, the mean ± SD exposure ' duration 
was 90.6 ± 2.1 min. A total of 53 assays were run to quantify 
melatonin in plasma samples collected during this project. Coef- 
ficients of variation calculated from control samples assayed as 
19.2 and 90.0 pg/ml had 10.8 and 4.0% for intra-assay coefficients 
of variation, respectively. The inter-assay coefficients of variation 
were 13.5 and 10.2%. 
Fluence-response data at 460 nm 

Given that the predicted peak of the final action spectrum is 464 
nm, the full data complement, from raw melatonin values to a 
final fluence-response curve for the nearby monochromatic stim- 
ulus at 460 nm, is illustrated in Figure 2. This fluence-response 
study at 460 nm was done wilh eight subjects (four males and four 
females). Across these subjects on all nights of testing, there were 
no significant differences (F = 0.70; p = 0.69) between sets of 
preexposure values, indicating that baseline nocturnal melatonin 
levels were consistent across the different nights of study. The top 
graph in Figure 2 shows the mean + SEM preexposure and 
postexposure (2:00-3:30 A.M.) melatonin values (mean range, 
72.1-293 pg/ml). At 460 nm, exposure to irradianees of 2.3 
p-W/cm 2 and lower did not significantly suppress plasma melato- 
nin. In contrasl, exposures of 3.1 /xW/cm 2 and higher elicited 
significant melatonin suppressions (p < 0.03 or less). 

For comparative purposes, all melatonin data were converted 
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Figure 2 In the top two graphs, the bars represent group mean + SEM 
values of plasma melatonin relative to 460 nm monochromatic light 
exposure at different irradianccs in one group of eight healthy subjects. 
The top shows plasma melatonin values before and after light exposure. 
There were no significant differences (F = 0.70; p = 0.69) across preex- 
posure mean mclalonin values. Light irradianccs al or above 3.1 fiV/lcm 2 
elicited significant melatonin suppression. The middle illustrates the sub- 
jects' plasma mclalonin percent control-adjusted change scores. Progres- 
sively higher irradiance exposures at 460 nm produce progressively 
grcateT plasma melajonin percent control-adjusted change scores (p < 
0.0001). The bottom demonstrates the best-fil fluence-response curve for 
460 nm exposures and percent control-adjusted melatonin suppression 
(R 7 = 0.97). Each data point represents one group mean i SEM. 



to plasma melatonin percent conlroJ-adjusled change scores. As 
illustrated in the middle graph of Figure 2, one-way, repeated- 
measures AN OVA showed a significant effect of light intensity on 
plasma melatonin percent control-adjusted change' scores {F = 
14.92; p < 0.0001). Post hoc tests on plasma melatonin percent 
control-adjusted scores demonstrated that all intensities at or 
above 3.1 /j.W/cm 2 significantly suppressed melatonin more than 
the 0.012 u.W/cm 2 stimulus (p < 0.05 or less). Similarly, all 
irradiances at or above 12.1 p.W/cm 2 significantly suppressed 
melatonin more than the 3.5 fiW/cm 2 stimulus. Finally, both 24.2 
and 42,2 /iW/cm 2 exposures elicited significantly higher plasma 



melatonin percentage of control-adjusted change scores con 
pared with an irradiance of 2.3 u.\v7cm 2 . * 'i 

The data from the middle graph of Figure 2 can be mathemat I 
ically converted into a best-fit, sigmoida] curve that plots rnelatol • 
nin suppression against stimulus photon density. The specific 
formula for this curve is shown below and has a 0.97 coefficient of ' 
correlation (J? 2 ): 

7.17-73.4 



1 -+ (or/8.29) 1 - 4 



As shown in the bottom illustration in Figure 2, this curve illus- 
trates the fluence-response interaction between mean ± SEM 
melatonin percent control-adjusted change scores and the photon 
density of the monochromatic light. 

Fluence-response data for all eight wavelengths 

As shown in Figure 2, there is a clear, fluence-response relation- 
ship between graded photon densities of monochromatic 460 nm 
light and melatonin suppression. Data from each of the eight 
wavelengths tested in this study fit four-parameter sigmoida! 
curves with high coefficients of correlation. Specifically wave- 
lengths at 440, 460, 480, 505, 530, 555, 575, and 600 nm had 
respective coefficients of correlation (R 2 ): 0.99, 0.97 0.95 0 97 
0.98, 0.92, 0.96, and 0.97. As described in Materials and Methods! 
to form an analytical action spectrum, all fluence-response curves 
must be fit to a univariant sigmoida! curve (Lipson, 1994; Coohill, 
1999). The univariant curve model for the data in this study has 
the factors of A, = 0, A 2 = 66.9, and;? = 1.27. Figure 3 illustrates 
all eight univariant fluence-response curves from this study. As 
with previous circadian analytical action spectra (Takahashi et al., 
1984; Provencio and Foster, 1995; Yoshimura and Ebihara, 1996)! 
full-range fluence-response curves weTe not elicited above 550 
nm. Despite this, standard photobiological curve-fitting methods 
could be used lo fit the data from all eight wavelengths in the 
present study to univariant, sigmoida! functions. "When fit to a 
univariant fluence-response curve with these factors, the data 
from exposures to 440, 460, 480, 505, 530, 555, 575, and 600 nm 
have high coefficients of correlation of 0.91, 0.95, 0.93, 0.94, 0.92, 
0.90, 0.95, and 0.81, respectively. 

Melatonin suppression response to 420 nm at a 
single intensity 

Given the high sensitivity of subjects to short-wavelength light, as 
shown in Figure 4, it was determined that a probe of sensitivity to 
monochromatic light below 440 nm was needed. On the control 
night when the eight volunteers were exposed to darkness only, 
their raw mean melatonin levels at 2:00 and 3:30 A.M.were 69.4 
and 76.0 pg/ml, respectively. That small increase was not statis- 
tically significant {t = -1.15; p = 0.29). As shown in Figure 4, 
when these volunteers were exposed to 420 nm light at 31.8 
u-W/cm 2 (5.58 X 10 13 photons/cm 2 ), raw mean melatonin levels 
at 2:00 and 3:30 A.M. were 76.4 and 47.6 pg/ml, respectively. That 
decrease in melatonin was statistically significant (/ = 4.67; p < 
0.003). For comparative purposes, this single melatonin suppres- 
sion response was fitted to the univariant fluence-response curve 
formula used for all of the data in Figure 3. The resulting curve 
estimated a half-maximum (X J0 or EDjo) melatonin suppression 
response for 420 nm of 1.83 X 10 13 photons/cm 2 . 
Action spectrum for melatonin suppression 
Action spectra are determined by comparing the number of 
photons required for the same biological effect at different wave- 
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Figure 3. This figure illustrates the fined univariant fluence-response 
curves for monochromatic lighl exposures and percen! control-adjusted 
melatonin suppression for eight wavelengths of visible light. Each flu- 
ence-response curve is derived from eight healthy volunteers who par- 
ticipated in a complete, wilhin-subjects experimental design. In each 
graph, the data points represent group means 2 SEM. Each curve has a 
high coefficient of correlation (0.95-0.81). 

lengths (Smith, 1989; Coohill, 1999); For this experiment, the 
action spectrum was formed from the photon density that elicited 
the half-saturation constant (X J0 or ED^) of the percent control- 
adjusted melatomn suppression for each of the eight wavelengths. 
The half-saturation constants were derived from the eighl univa- 
riant fluence-response curves shown in Figure 3 and the one 
estimated half-saturation constant from the data shown in Figure 
4. The relative quantum sensitivity from each group of subjects 
was plotted in Figure 5 (quanta/wavelength) to illustrate the 
resultant action spectra for human melatonin suppression. When 
the .'data were aligned to the best-fit template for vitamin A,- 
retinaldehyde pholopigments, this action spectrum predicted a 
peak spectral sensitivity of 464 nm. There was a strong 

coefficient of correlation between the data and this fitted opsin 
nomogram (7? 2 = 0.91). 
Comparison of action spectra 

The action spectrum for the photoreceptor system that provides 
input to the pineal gland appears to be distinct from the action 
spectra for the classical human visual photoreceptor systems. To 




Figure 4. Id this graph, the bars represent group mean ± SEM plasma 
melatonin values before and after exposure to 31.8 u.W7cm 2 monochro- 
matic light at 420 nm in eight healthy subjects. This light irradiancc 
induced a significant melatonin suppression (j? < 0.003). 




Figure 5. This graph demonstrates the action spectrum for percent 
control-adjusted melatonin suppression in 72 healthy human subjects. The 
filled circles represent the half-saturation constants of eight wavelengths 
from 440 to 600 nm that were normalized to the maximum response and 
plotted as log relative sensitivity. The open circle represents the estimated 
half-saturation constant derived from the 420 nro data. The solid curve 
ponrays the best-fit template for vitamin A, rctinaldehydc pholopigments, 
which predicts a maxima! spectral absorbance (X TO ) of 464 nm (Partridge 
and De Grip, 1991). There is a high coefficient of correlation for fitting this 
opsin template to the melatonin suppression data (R 2 = 0.91). 



illustrate this, the maximal spectral absorbencies and long wave- 
length limbs of the human rod and cone photoreceptors that 
support vision (Stockman and Sharpe, 1999) are illustrated in 
Figure 6, along with the maximal spectral absorbance and long 
wavelength limb of the melatonin action spectrum. The shaded 
area around the melatonin action spectrum illustrates ±SD for 
this function. \ 

DISCUSSION 

The action spectrum presented here is based on univariant flu- 
ence-response curves for melatonin suppression by eight mono- 
chromatic light wavelengths in healthy subjects. These data fit a 
vitamin A, opsin template with 446-477 nm, providing the stron- 
gest Orcadian input for melatonin regulation. These results sug- 
gest that a novel photopigment in the human eye may be primar- 
ily responsible for melatonin regulation and may be distinct from 
the individual rod and cone photoreceptors for vision. 

In developing a fluence-response curve, a complete within- 
subjects experimental design produces the most reliable results. 
When subjects are studied over a 2-4 month period, however, 
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Figure 6. This figure illustrates a comparison of the melatonin suppres- 
sion and visual action spectra. The maximal spectral response and long 
wavelength limb of the melatonin suppression template is plotted along 
with the maximal spectral response and long wavelength limbs of the 
human rods and cones that support vision (Stockman and Sbarpe, 1999). 
The shaded area around the 464 nm template represents ±SD frpm the 
data presented above:' 



lack of stability in the subjects' arcadian entrainment can intro- 
duce variability in light-induced melatonin suppression. This 
study accepted only volunteers who reported regular bed and 
wake times, and their melatonin rhythms appeared to have been 
stable during the course of the study. As shown in the 2:00 A.M. 
melatonin values (Fig. 2, top), there were no significant differ- 
ences between sets of preexposure values, indicating that baseline 
melatonin levels were consistent across the different study nights. 
This phenomenon has been documented for the 505 nm fiuence- 
response group, as well as in other similarly controlled studies 
(Brainard el al., 1997, 2000a, 2001; Wang el al., 1998). This 
within-subject stability of the melatonin rhythm over time has 
been confirmed frequently in the literature (Waldhauser and 
Dietzel, 1985; Arendt, 1988, 1998). 

The data from each of the eight wavelengths between 440 and 
600 nm fit a univariant four-parameter sigmoidal curve with a 
high coefficient of correlation. The univariance of these curves is 
consistent with, but does not prove, the hypothesis that melatonin 
suppression is modulated by a single photoreceptor type. At this 
time, it is not certain that there is a univariant fluence-response 
function at 420 nm because only one intensity has been tested. It 
will be important to lest for a full fluence-response curve at 420 
nm to (1) clarify the precise sensitivity of the melatonin system to 
this wavelength and (2) determine if this wavelength is univariant 
with the fluence-response curves of the other eight wavelengths. 
Previous studies with animals and humans have illustrated similar 
fluence-response relationships for melatonin suppression and 
other circadian responses with monochromatic and broad- 
spectrum light (Brainard et al., 1983, 1988; Podolin et al., 1987; 
Mclntyre et al., 1989; Nelson and Takahashi, 1991; Dkhissi- 
Benyahya et al., 2000; Zeilzer et al., 2000). The initial attempts to 
define circadian and neuroendocrine responses to photons of 
different wavelengths began with polychromatic action spectra, 
which tested single irradiances of broader light bandwidths in 
various rodent species. These polychromatic action spectra weTe 
reasonably consistent in indicating that the spectral region be- 
tween 450 and 550 nm provides the strongest stimulation of 
circadian and neuroendocrine responses in rodents (for review, 
see Brainard et al., 1999a). Analytic action spectra, based on sets 
of fluence-response curves at different monochromatic wave- 



lengths, are superior for identifying photoreceptors that mediate 
photobiological responses (Lipson, 1994; Coohill, 1999). 

There are four analytic action spectra for circadian and neu- 
roendocrine regulation in hamsters, rats, and mice (Takahashi et 
al., 1984; Bronstein et al., 1987; Provencio and Foster, 1995; 
Yoshimura and Ebihara, 1996). Data from, these action spectra 
have been fitted to spectral sensitivity curves for retinal-based 
visual photopigments. This curve fitting is predicated on the 
assumption that a retinal-based molecule transduces light stimuli 
for circadian regulation and allows the prediction of the shape of 
the photopigment absorption spectrum, as well as its peak sensi- 
• ivi 'y (K**)' Across these studies, which used different circadian 
endpoints, the predicted A m „ ranges from 480 to 51.1 nm and is 
surrounded by a broad region of high sensitivity. From these 
results, different photopigments have been suggested to be re- 
sponsible for circadian regulation, including rhodopsin, a 
rhodopsin-like molecule, a middle wavelength cone photopig- 
ment, or an ultraviolet cone photopigment. 

It is commonly believed that the photopic visual system has a 
peak wavelength sensitivity of -555 nm (Rodieck, 1998). Many 
investigators haye hypothesized that the photopic visual system-, 
mediates circadian and neuroendocrine responses, because this 
part of the visual system is responsive to "bright" daytime levels 
of illumination. Previous data (Brainard et al., 2001) and those 
presented above do not. support this hypothesis. The results 
clearly demonstrate that 555 nm is significantly weaker in sup- 
pressing melatonin compared with an equal photon density of 460 
nm. Thus, the photopic system is not likely to be the primary 
input for circadian regulation. Demonstrating that the photopic 
visual system is not the principal phototransducer for melatonin 
regulation does not preclude it from having any role in circadian 
input. Indeed, recent studies suggest that visual cones may be 
involved in. circadian regulation. Recordings from SCN neurons 
in rats indicate that the visual rods and cones provide input to 
cells of the rat SCN (Aggelopoulos and Meissl, 2000). Similarly, 
a human phase-shifting study suggests that, under some circum- 
stances, the visual long wavelength-sensitive cone may also me- 
diate circadian vision in humans (Zeitzer et al., 1997). 

' The data presented here do not support the hypothesis that any 
of the known visual photoreceptors provide the primary input for 
melatonin regulation. Figure 6 shows that none of the action 
spectra for individual visual photoreceptor systems match the 
action spectrum for melatonin suppression. If the photoreceptors 
that mediate vision in humans are not the primary photorecep- 
tors for circadian regulation, what are the alternative candidates? 
Recent studies with various vertebrate species have identified 
several new molecules that may serve as circadian photopigments. 
These putative photopigments include both opsin-based mole- 
cules, such as vertebrate ancient opsin (Soni and Foster, 1997), 
melanopsin (Provencio et al., 1998), and pcropsin (Sun et al., 
1997), as well as non-opsin molecules, such as bilirubin (Oren, 
1996) and cryptochromc (Miyamoto and'Sancar, 1998). Among 
these new photopigments, only melanopsin has been specifically 
localized to the human neural retina (Provencio et al., 2000), and 
crypt ochrome has been localized to the mouse neural retina 
(Miyamoto and Sancar, 1998). Cryplochromes have been studied 
extensively as circadian photoreceptors in plants and insects 
(Ahmad and Cashmore, 1993; Stanewsky et al., 1998) and have 
been proposed as circadian photoreceptors in mammals (Miy- 
amoto and Sancar, 1998; Thresher et al., 1998). The contention 
thai cryplochromes serve as circadian photoreceptors in humans 
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or other mammals, however, remains controversial (Griffin et al., 
1999; van der Horsl et al., 1999; von Schantz et ah, 2000). 

The action spectrum presented here' matches a vitamin A,- 
retinaldebyde photopigment template that supports the hypothe- 
sis that one of the new opsin photopigment candidates provides 
primary photic input for melatonin regulation in humans. The- 
molecular identification of candidate opsin or non-opsin photo- 
receptors and their localization in the retina and/or neural com- 
ponents of the circadian system make them well suited to act as 
circadian phototransducers. However, functional data confirming 
any of these molecules as having a direct role in mammalian 
circadian photoreception is currently lacking. Furthermore, cau- 
tion should be exercised in generalizing results from plants, 
insects, fish, amphibians, and rodents to humans. 

Are the effects of light on melatonin suppression relevant to 
general circadian regulation? Studies have shown that hamsters 
have a higher intensity threshold for light-induced phase-shifts of 
wheel-running rhythms than for melatonin suppression (Nelson 
and Takahashi, 1991). Recently, , however, a study, on humans 
showed that the 50% response sensitivity for circadian phase 
- shifting (119 lux) was only slightly higher than that for melatonin 
suppression (106 lux) with white light (Zeitzer ct al., 2000). It is 
possible that there are separate photoreceptors for mediating 
circadian entrainment versus acute suppression of melatonin. It is 
reasonable, however, to hypothesize that a variety of nonvisual 
-effects of light, such as melatonin suppression, entrainment of 
circadian rhythms, and possibly some clinical responses to light, 
arc mediated by a shared photoreceptor system. Additional ex- 
periments are needed to test this hypothesis. 

In general, relatively high light illuminances ranging from 2500 
to 12,000 lux are used for treating winter depression, selected 
sleep disorders, and circadian disruption (Wetterberg, 1993;Lam, 
1998). Although these light levels arc therapeutically effective, 
some patients complain that they produce side effects of visual 
glare, visual fatigue, photophobia, ocular discomfort, and head- 
ache. Determining the action spectrum for circadian regulation 
may lead to improvements in light therapy. Total illuminances for 
treating a given disorder can be reduced as the wavelength 
emissions of the therapeutic equipment are optimized. 

Modem industrialized societies use light extensively in homes, 
schools, work places, and public facilities to support visual per- 
formance, visual comfort, and aesthetic appreciation within the 
environment. Given that light is also a powerful regulator of the 
human circadian system, future lighting strategies will need to 
provide illumination for human visual responses, as well as ho- 
meosiatic responses. The action spectrum presented here suggests' 
that there are separate photoreceptors for visual and circadian 
responses to light in humans. Hence, new approaches to archi- 
tectural lighting may be needed to optimally stimulate both the 
visual and circadian systems. 

In conclusion, this study characterizes the wavelength sensitiv- 
ity of the ocular photoreceptor system for regulating the human 
pineal gland by establishing an action spectrum for light-induced 
melatonin suppression. The results identify the 446-477 nm ' 
portion of the spectrum as the most potent wavelengths providing 
circadian input for regulaiing melatonin secretion. These data 
suggest that the primary photoreceptor system for melatonin 
suppression is distinct from the rod and cone photoreceptors for 
vision. Finally, this action spectrum suggests that there is a novel 
rctinaldehydc photopigment that mediates human circadian pho- 
toreception. These findings open the door for optimizing the use 
of light in both therapeutic and architectural applications. 
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